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0 . ’
This -investigation i3 the third tn a eéontinuing program to
study the behqy[our.of:and.to develop design procedure for pre-

) Se .

stressed concrete T-beams containing large web openings. The testing.,
’

was carried out in the liF, orrison Structural S&g}neering L.Laboratory

-~

of the [niversity of"Aljjerta under the supervlqion of Dr. J. WarWaruk.

‘In this test pkrieswuthlrty prestressed concrete T-beams

. . - - - N . . k
were tested, all.of thch_contained 1a¥ge web openings. The beams all

. ¢ N )
had a heith of 20 incheg, a flange width of 20 inches, and a simply

<

supported “span of 16 or 20 feet. *
]

< The prime variable in the test, program was the' reinforcing

.
.

requirements in the region around large web openings. Other parameters

-

such as‘geometty, loading conditions, and fléxural capacity were varied

"to place different demands on the reinforcement. The reinforcement in

e o o

the region of an>open1ng was grouped into foun types: post reinforce-
N ) - ] - .. A -
ment, solid shedr span shedar reinforcement, strut shear reinforcement,

’
.
iy
o

and strut Gral reinforcements

an

=

' The‘resulzs of the tests are presented in the form of graphs,

tébles and photographs.

, , { .
. ¥

4 =N

A design procedure is outlined, howeyer, further investigation

is recomnended. 4 ) \>' .

o

v . . o -

o 3

* Dr.vJ Warwaruk, Profesaor pf Civil Engineering, The University of @
Alberta, Edmonton, Albeﬂta, Canada, T6G 2G7. ~

2
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CHAPTER 1

D INTRODUCTION

1.1 General Remarks

In the construcgion of a building a reduction in storey height’
" will result in a reduction in overall construction costs. The stofey '
height can be reduced by passing the mechanical ducts transversely
through the webs of supporting members rather than hanging thém below.
This 1s a relatively simpie operation when thé suppéfting members are
open web steel joists but for steel and concrete beams extra considera-
tions are required. Much research has been conducted into thg',:
design and analysis of steel beams with web holes but at this time

only limited research has been carried out on prestressed and rein-
forced concrete beams with web openings. This research does no£
indicate a general design procedure for prestressed and reinforcedr

concrete beams; it does, however, 1indicate that the design and con-

struction of such members is possible, practical and economical.

In a beam with multiple holes in the web, the elements above
and below a hole are-.called struts and the elements between the holes
are called posts as shown in Figure 1.1. If the beam is simply sup-
ported, the top struts are in compression and the bottom struts are in
tension. The forces acting on the struts to either side of the posts

are shown in Figure 1.2(%7. It can be seen that the hole does not



Applied Load

P - P
» Soltd Sheag Span * . Top Strut & G sye. ‘
>/ B t
/ - AR ] ] )
:'Hole 1 Hole 2 . Hole 3 Hole 2 Hole 1
: / A l -
/’_gl “Post 1 J ‘\ ’ )
Bottom Strut .
FIGURE 1.1. Holes in Beams
é_ Hole 1 ¢ Hole 2
. ) ) |
v V.-n - VT? & /
C1 * 3 * < C2 .
~ C, <C02
| J* T1 ‘<T2
. VB1 Vé?
T -— T - l-——» iP) .
(a) Forces Acting on Struts "
.o !
~ VT : - VT2
-G ——»f *4——C2 Ci <G
4
I -
F
Cp
(b) Forces Acting on Posts .

FIGURE 1.2. Forces Acting on Struts and Posts




“

drastically affect the tension and compressive forces. However, the
holes reduce the aection resistfng the.applied'shear. This strut shear
produces secondary mopéncs in the struts. The forces acting on a post

between two large web openings are clearly seen in the “freebody in
;

Figure 1.2(b). The principal force acting on the post is a horizontal

shear, VH » which is equal to the horizontal resultant of the tension
P-j

or compresslon forces acting on the struts to either side of the post.

. -

1.2 Scope and Objectives

Some research has been carried out in various countries on

’

* the design of prestressed and reinforced corficrete beams with large web
-

openings but still much research ia\required to completély understand
and” predict thé behaviéub of such beams. The results of the tests of.
J. Sauve (12)*and E. LeBlanc (6) on prestressed concret; T-beams con-
taining large, muit;ple, réctangular and parallelog?am shaped openings
at the University of Alberta, together Qith the gesults of‘téécabbx .

other researchers on tests of similar beams forméd the basis for this

present series.

! This test series continues the work of Sauve. and LeBlanc to

investigate the behaviour of and to develop design procedures for pre- |,

@££fsseq concrete T-beams containing Qarge J%b openings. The main

°

concern of this series’ was the reinforcing requirements in the region

of a large web opening. This';eiﬁforcement can be grouped into four
. LA : .
types: (i) solid shear span reinforcement, (ii) strut shear teinforée—

ment, (1ii) strut flexural teinforcement, gnd (iv) post reihforcement.ﬂ

* Number in brackets -refers to entries in the reference list.




r . L e

-

For each type several arrangements werg examined. OtHer variables were

the type of loading, flexural anpacity; shape of the holes, the hori-
zontal dimension of the post and holes, and span length. y

a
v

" Thirty 8imply supported prestressed concrete T-beams with

large web openings and symmétqical loadings were tested. The Hehaviqur

" - a . -

of each beam was regorded in the form of Demec strain gage readings

- -

over the depth of the sew#ion, deflection at the&am centerline _and
below the load points, and strain readings from electrical resistance

strain gages mounted on the pTestressing strand ' and on the mild stedl

.
.

reinforcement. Photographs of the beams were also taken.

r
-

The main objectIves were to study the'reinfércihg requirement

in the region of an openiﬁg, to study the effects of varifous Teinforc-

ing arrangements on -the behaviouf, and to develop a design procedure for

°

p;estressed concrete .T-beams with large web openings.

RS
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s CHAPTER 2
. \} o i ¢ . . .
. .  REVIEW OF PREVIOUS STUDIES . . \K \vj
} " . ' ' \‘
[ 4 " | [ . -
2.1 "Introduction ‘ . : _ .

« . 4
«

The Amefican Concrete Ingtitute Standard 381-2{ Building
. . C

.Code “Requirements for Reinforced‘Concrete (1) makes no specffic recom- ,

méﬁda;Lons for the analysis and design‘d; bea with large web openings. -

Some guidance is found in the literature which suggests'that the

design of reinforced concrete beams with large web apenings {s possible, //
practical, and economical. A review of some of these papers is pre-
sented here in chronological order. ' ) ‘ v

S -
‘ ot y

2.2 Reinforced Céncrete I-Beams with a Webk0penings
A8 \ .
\

-~ . .
. Lorehtsen (7) of the Royal Institute of Technelogy, Stockholm, J

tonducted .and publishéd the results of an analytical and expetinental‘ .

study of reinforced eoﬂhrete T-beams with a single large web opeqing_

in 1962. Four beams were tested which correlated well with his analysis.

The holes in his test beams we}e very large, 'having depth of 0.53 of*

" the beam height, and ,a 1ength of 3.0 times the beam height or 0.29 of

®

N -. “-‘ L}
the clear span. He recommended a design pgegednre which treats the

bottom strut as a tenSion link and the top strut as the top chord of a
Vierendeel truss, although he does'mot call it that. The total shear .
was assumed to be.tarried by the top strut. The solid portion wvas

desigred to résist normal beam forces with extra stirrups placed near

- the hole. . .

- . N
. A
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“\
P | L . |
! \

. ‘ .
He pointed out that holes’ in éimply supported beams should

be placed near the mid span where the normal forces in the \struts are

'large and the sghear forces are small, resulting in a mfnimum principal

tenslle stress in the concreté. ‘Lorensten also noted the high shear

strength of the concrete in the fop strut whefg the axial loadl is high.

N I
1

He concluded his procedure ' could be used for beams with multiple

.

openings,‘

2.3 P d te T-B h Large Web ing
3 req%resse Concrete eams with Large We Q?en ngs

hgan and Warwaruk (9) in 1967 published the reaults of .
tests on 'prestressed concrete T43gams with large web openings. Their

research was carried out at the University of Alberta on four model

.

"beams and two full 'size beams. 'Three of the model beams and one of

the full size beams had large web openings. The design of the full
size beam with openings was based on the results of the model tests.

Some of their  observations and comeclusions were: : .

1. Cracking extemded vertically downward from approximately the-center
of the bottom struts. Therefore the strands in the full size

beam with openings were distributed almost evenly across the

-
)

Vqtticalldimeﬁsion of the bottom, strut.

2. Severe ér%?king at the connection of the post and the flange 1ed

to the pr ision of reinforcement in the posts with an area 1.3

.

percent of the horizontal post area.

3. All of the failures were due to inclined cracking in the lower

ruts, therefore the full sfze beam had the lower atrut‘reinﬁorcéﬂ



swith U-stirrups spaced at 6" to 12 inches.

v

4. The mode of failure of \yo of the model beams was by the formation

of a mechanism Sver two openings. The other beam failed by the

formation of a mechanism over.one opening.
-

,

5. None of the beams with openihgs failed in a flexural manner; the

full size beam failed By shear compression of the top strut.

a

. ‘ . . .
2.4 Rectangular Concrete Beams with Large Web Openings :

°

In 1967, Nasser, Acavales and Daniel (8) of the University

aw

of Saskqtchewan published a report on 10 beams, 9 of which had large
rectangular web openings. A simple design procedure was developed,
~ OP&

based on four assumptions which were proven adequate for their tests.

] . .
Their assumptions were: : 5

<

1. Thé top and bottom struts behave similar to the chowds of a

Vierendeel panel. ¢ -

2. The struts, when they are not subjected td applied loads have

coniraflexure points at their mid-.span.

o

3. The strits, when adequate stirrups are provided, carry shear in

preportibn to ,their cross-sectional areasw.

4. Thete ig a diagonal force concentration at the corners of the

openings”equél to twice the simple shear force.

a

ghe first assumption was substantiated by the general be-
haviour of the struts. The second was confirmed by strut deflection

.o °
measurements  and concrete strain measurements at the strut quarter



points, The third was substantiated by concrete strain measurement s at
t he mlq helght of the struts by vlec}rLcul rosls;)\cv szfaln measuring
rosettes. The last assumpt ion wés substantiated by Plnttlng the ﬁtrnfn
in the cbrncr roinfotfément versus shear on thé'soct}on. The straln;
were normaiizedwto a constant area of rcipforcbment which was not ’

" - v
published. This, togéther.with the fact that the canulétions pub-
lished in the design example, the diagonal %orce is taken as 2(/2 x Vu),

makes it uncertain as to whether the stress concentration in the

special corner reinforcement is 2 or 2/2 times the abpl}ed shear force.

r

3.5 Prestressed Concrete T-Beams with Large Web Openings ,

J. Sauve (12) in 1970 conducted tests on 9-prestressed con-

4

crete T—beams with réctqngular openings.ip the Structural Engineering
Labqrato;yyof the University of Alberta. The major variables of his
program wére: "spacing of two point loa&s, Yertical shear reinforcement,
longitudinal reinforcemeng and suéplemengary lower gtrui shear rein-

forcement. Some observations and con¢lusions from his program were:

. . y-

1. .Concentration of the shehf.reinforcement; required by the ACI

~

(318-71) (1) in a beam without web openings, into the posts of a

beam with web openiﬁgs does not give the beam enough shear capacity

&

to fail in.fléxure.

o

2. Any additional shear reinforcement provided in the posts served to

increase the load carrying capacity of beams with large openings

»

by 15 to 22 percent.

o

3. Additiona] post reinforcement also confined the failure to the struts.

A e

RS



4. A minimym amount ot inclined shear reintorcement placed in the

- L4
lower strut caused the failure to be localized in thef posts.

. The addition of both post and strut shear rcintorcemeﬂb resulted
in a redistribution of thv stresses in the shear bpaﬂﬁﬁﬂ that

‘ all sections were more equally stregsed in diagonal 1-~‘

6. A considerable 'increase in the supplementary lohgitue”':l rein-

forcement in the struts d\td not significm&ii %

capacity of the beams

~

7. A decrease in the number of openings in 'the shear span increased

the shear capacity of the beams . )

! .

2.6 Prestressed Concrete T-Beé&s with Large jWeb Openings
N \ ) ]
E. LeBlanc (6) in l97ﬂ conducted vests J.’ten prestressed

/J
concrete T-beams, nine of which contained pultiple rectangular or

\parallelogram shaped openings, in the Structur@l Engineering Labora-

;Ery of the University of Alberta. Th%xmain parameters studied in
these’tests were: the\shgbe of the opénings (rectangular and paral-
lelogram), loading éondigions }various ;wé boint loads and seven
point loading),_prestress force and shear reinforcement in the posts
and lower struts. Five of the beams tested failed in a flexural

manner, the remaining five beams failed in shear. Some observatiens

and conclusions from this study were:

1. 1In prestressed concrete T-beams containing web openings, paral-
lelogram shaped openings accompanied by inclined shear stirrups

produced a beam with a higher ultimate shear capacity, relative
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10.

-

to rectangular shaped openings with vertical shear stirgups.

-

The shear deaign requirements for a two point loading system are
L .
more severe than those for a seven point loading system.

An increase in the prestress force.must be accompanied by an in-

erease (n shear reinfogcement in order to attain the flexural
capagity of a beam without fitret falling in shear.
. . v .

Since shear failures occur ;hrqugh the struts, shear reinforcement

in the posts is not sufficient in itself fo prevent shear failure.

The possibility of a beam withstanding more severe shear stresses

.and ultimately failing in flexure is increased by reinforcement in

the lower struts below the web openings in the shear span. This

‘ reinforcement also produces a more ductile failure in the beam

¢Bhould it fail in shear.

Uﬁper web and flange shear reinforcement above the openihgs in
the shear spans would probably increase the possibility of a
flexural failure. This is because shear‘failureé tend to initiate

in the flange and upper web in this high shear region.

I;e ‘ultimate load ana -onentAcalculated using thé appreximate

ACI (1) equation (Equation 18-3) and the manufacturer's guaranteed
minimum ultimate stfength éor the strand is very conservative
relative to the actual nginate load and moment obtained from the

tests.

The ultimate deflection of beams with openin?s, failing in flexure,

is higher than the same beam with no openings due to the decrease&

stiffness of a beam with web openil.ngh.- ”

"
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In cnncluaion No. 7 above, it should be noted that in the
calculation for strength made by Le Blanc the contribution oa.the sup-

plementary non—prestressed reinforcement was omitted.

-

2.7 Square Openings in Webs of Continuous Joistb

J.M. Hansen (5) published a rep;rt in 1969 which discussed
the results of twenty-three tests on full scale one-way joists in
negative bending. The principal variables were size location and
reinforcement of tge Spenings. TéntatiQe design procedures were dis-

cussed. Some of his qbservatibns and conclusions were:

"

1. The minimum web widfh should be used to calculate the shear
A}

chpacity of a tapered web subjected to Q:gative bending. s
2. Large square openings reduced the strength of the test specimen.
An opening of 3/4 of the web depth reduced the streagth of the

test specimen by two thirds.

¢
- ~

3. Moving a squére opening in an unreinforced web closer to the sup-

port increased the strength of the test specimen.

-

4. Moving a-square opening ird an unreinforced web from mid-depth
towards the tension fiber did not affect the strength but decreased

—

_the cracking load.

S. A two—legged No. 3 stirrup placed vertically at each side of an

opening increased the capacity of the test specimen.

6. The compression force <4n jghe compression strut at the centerline
, Vi .

of the opening was located at the centroid of .the strut.
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- g

Until cracking the distyibution of thq shear between the struts
above and below the opening was-in proportion to the cross-sectional

area of the struts, , .

After cracking, the compressive strut tendéd to carry all addigional

shear.

A conservative prediction of the strength of anapecinen with

unreinforced holes was obtained by calculating the ldad_cauaing a

tensile crack at an opening.

ce . . -
-

A good prediction of the strength of ghc specimens with reinforced
openings was obtained by calculating the load causing either
eccentric shear compression or diagonal teﬁ.ion failure, using the

ultimate .strength provisions ‘of the 1963 ACI Building Code.
) ’

2.8 R;intotciq;_lqu;renents‘for Concrete Beams

With Large Web Openings

M. Ramey and D. Téttefghq}l (10) conducted and published in

-

1973 a theoretical and expgri.en;il program from which they developed

a working stress design procedure. The theoretical analysié of sixty

simply supported beams and thirty-five bent caps was carried out using

E.L. ®Wilson's finite element program. The experimental ‘program con-

sisted of tests on twelve simply supported beams. From @heir results

they comcluded:
1.

2.

The solid seftion can be designed in the usual manner.
The design of the struts as'm-ing Vierendeel behaviour is adequate.

[

Y »
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. .
"

-

3.  Beams containing multiple openings can be designed us single open-
ings L&k the posts have a horizontal dimension of at least haif the
height of the beam. ' , . /’ . u

4. T?.re is a diagonal stress conconttqtion/yg the‘CPrnqu oi thov
openings. The value of this streess is.obtajmed from curves dov;-
-loped from the finire element an.lyl{l aﬁd is .iv-yi less than the
total shear on the*section for moment -shear ratios of less tﬁan 4.

.

J.M, Hanson prclént;d a discussion of the paper which
questioned the validiey of t&é clnlti{’inaly.li used and pointed out
oo ' e : N

the restrictions of &he rectangular section tested.

\‘

e

2.!‘ Clrcu}ai Openings in Webs of Continuous Beams

Somes and Corley (13) published a report in 1974 on tests of
B W ¥
v

19 full scale joisEs in negative bending. Tge tests were conducted at
the Portland Cement Association Structural Development Laboratory,
Twelve of the joists had singular opeunings, three had Qultiple openings,
and four had no openingL. B{?ed on their observa;ionn, they presented
design recommendations for continuous one-way }6iats with Eircul&r»

openings in the'negative moment region. The highlights of their design

recommendations are: . v

1. The -inilﬁ- web width should be used to calculate the shear capacity

'in the negative moment region.

’

2. S-ali openings (openings less tham 0.25 the web depth in diameter)

- ' .
require no reinforcement and can be placed anywhere in the web,
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L

provided they:are RO closer’ to the extreme compression fiber than
h A R -

R
¢ S . o .
*‘*‘Che depth of-thé eqUivalent compression block.

. No .opening should be placed so that it encroaches on the equivalent

rectangular stress block.
: .

Large:openings (openings greater than .25 of the web depth in
diameter) should be reinforced with vert?}él‘étirrups on each side
of the opening. The area of the stirrups required on each side of

an opening is calculated by dividing the shear capacity of the

-section by the yield strength of the stirrups.

Tne minimum post width is 0.25 of the web depth or 4 inches, which-

ever is the greater.

Large web openihgs, patticularly multiple openings, reduce the

~stiffness. of a floor joist.
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 Introduction

This test series is one in a continuing program at the Univer-

<

sity of Alberta tg,investigate the behaviour and develop design pro-

cedures for prestressed concrete T-beams with large web openings. The

prime concern is the ‘study of th verall behaviour of such members and
particularly the effect of reinforcement in the reéion 2 e web

o L
openings. A general discussion of the experimeﬁtal pro: sresented
in the following sections. A complete.description 1é four, .n the
Appendix. .

3.2 Beam Geometry

In this series, 30 prestressed concrete T—Qeams were tested;
27 of these had rectangular openings and 3 had parallelogram shaped
openings. The simply supported span length was either 16 or 20 ft.,
buf the diffgrent span length is not considered as a prime variable
as 1t was changed to facilitate casting. The overall cross-section of
the beams was constant for ai% beams.tested. The flange was 20 inches
wide and 2 16ches thick. The stem of the "' was 4 inches wide and the
.overall height was 20 inches. The web openings were all 8 inches high
with their mid-height located 1.17 in. belo@ the neutral axis of the

gross concrete cross section. Figure 3.1 shows the concrete cross-

section and- the verticél location of the holes. The rectangular open—
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Neutr‘al Axis
/ of Soird Section

. 4 _ - - -
ol T 7Tt
) : @ Hole
) 4
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% : X [ T~ F g
T Center of Prestress 4
3
\ A ‘ X

FIGURE 3.1. Typical Concrete Cross Section at an Opening
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; . L, -
ings had lengths from 12 inche to 26 inches separated by posts with

.

a horizontal dimension of 8 inches to 12 inches. The transverse area
petWeen\the post centerlines was reduced 20 to 29 percent. The paral-
lelc shaped openings were 16 inches long ahd separatéd by posts

with o« norizontal dimension of 8 inches. T&g\transverse area between |

.

e, S

,tﬁe posts centerlines was reduced 25 percent. \

3.3 Reinforcement

& |

The reinforcement was varied in five maip areas:

1. The pure moment region.
2. The solid éhear spans.
3. The top struts.

4, “The bottom struts.

5. The posts.

The princiﬁal tension reinforcement in the pure moment ;egidn was 4. or

5 3/8 1ncﬁes seven-wire prestressing strands which were centinuous
‘tﬁrouéhout the beam. -The solid shear spans were reinforced for shear
with double iegged ;Eirrups of No. 2 or No. 3 bars g}th various spacings
set either vért;cally'or 1;cliﬁéd dﬁ§§5°. The top atruts'were rein- \
forced to—resist strut moments and shear due to Vierendeel behaviour.

Tﬁe top loﬁgitudiﬁal reiéfg;cément consisted of four No. 3 bars in all
buf two beams where four N§.12 bars were used. The bottom longitudinal
reihfércément was provided by two No. 2, 3, 4 or 5 bars with 22 beams

having No. 3 bars. The top struts in the shear -spans of 28 of the

beams of this series also had shear reinforcement consisting of closed

¢
D
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o

No. 2 stirrups set vertically or inclined at'&ig"i}fh spacings frém
1.2 in. to 4.00 in. The bottom® struts had‘supplementary longitudinal
reinforcement in the shear gpans only. Fourteen beams had two No. 3
bars in the boftom-only, fourteen beams héd;two‘No. 2, 3, A;.or s_bara‘

‘in the top and bottom, and two beams were cast without supplémentary'
longitudinal reinforcément in the boktomvstruts. These two beams also
had the shear capacity of the bottom strut reduced by césting into the‘
struts four oiled vertical ﬁétal plates and eliminating the bond on the

R .

. prestressing strands by wrapping them with ?olyethylene-throughout the
strut length. Tﬁis was done to evéluage-the p;oportiqh of the t&tal
_shear over .the cross—sectio; carried by the top and bottom strutsf The
Postg were reinforced with verticgi or inclined double legggd‘stirréps
with the same shape as.thoée used 1in the sélid sﬁeag sﬁans; In the shear
spans multiple stirrups were uéed andiin the pure moment regi » the |
posts had one's;irtup. In five beamé, supplementa?y post reiniorcement
_ was added to the main vertical stirrups of pbgt'l. Th; supplementary
4Te1nfotcement in four,bea;s consisted of closed horizontal stirrups,
.aﬂd in one beam, }wo inclined No. 5 ba;s: These rginforcéﬁent details‘
are shown in fable 3.1 and Figufes 3.2, 3.3 and. 3.4. . . ‘o

3.4 Comstruction

The fabri‘cation-of the test specimens was carried out in the
1.F. Morrison Structural Engineering Laboratory of the University of

™Alberta. first,‘the reinforcement cages were tack welded and set in
‘ place on the prestressing bed. Next the prestressing strands wvere ¢

threaded through the .cages and prestressed. The two halves of the forms
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Mairy Stirrups
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Bottom Strut Stirrups

Horizontal Post Stirrups
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FIGURE 3.3. Stirrup Details
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i ,
woere &*&L bolted together with styrofeam blocks torming the voids. The
concreling was completed using high-early strength concrete mixed in
the laboratory batch plant, The prestressing strands were cut after
six dayd of molst curing. Six by twelve cyliﬁﬁi&é were cast from each
batch of concrete to determine the compressive strength and the tensile
splitting strength. A more complete description of the construction

details and the materials used is presented in Appendix A.

3.5 Instrumentation o

All beams were instrumented in the same manner, using:

1. Electrical resistance strain gages mounted on the mild steel shear
and flexural reinforcement and prestressingfscrands.
2. Demec strain gages fixed to the concrete at the beam centerline.
- '

3. Deflection gages at the beam centerline and below the load points.

The strain gages were mounted and waterproofed on the mild
steél reinforcement before the cages were aigfmbled. On prestressing
strands, however, the gages werebmounted(QZd waterproofed after the
initial prestressing was completed. The gages_on the prestressing strands
were mounted on one of the six curved wires of the seven-wire strand
and oriented along the axis of that wire, approximately 8°30' from
the longitudinal axis of the strand. The Demec gages a;'the beam
centerline were used to make measurements of deformation ‘which facili-

tated the calculation of prestressing losses and the centerline strain

distribution as the test proceeded. The deflection gages consisted of

- - o



y A

a metal ruler with divisions of 0.0l inches hung from th; lower portion

] ‘ . P an”
of the beam. The readings were taken with a pre?ise level located {n
front of the test specimen. All of the gages except the bemec gages

« |

were zeroed just prior to the start of testing.  The loads on the beam
at this time included the dead weight of tfe beam and the loading har-
nesses and the effective prestress force. Typical instrumentation

details are shown in Figure 3.5, and the instrumentation for each beam

is given in Appendix B.

3.6 Test Setup and Procedure

The first step in the test procedure was to set the beam
on beam seats which were fabricated for earlier tests (12). These
beam seats rested on the knife edges of a sjmple support roller system
J

which in turn rested on concrete pedestals. Figure 3.6 shows the beam

seat details and Figure 3.7 shows the typical test setup.

Both two point and seven point loadings were applied using

loading harnesses. The upper part of each harness rested on the beam

through a 5 inch by 5 1/2 inch by 1 inch bearing plate<And'the lower
portion hung below Fhe floor. Hydraulic jacks were placed between the
lower part of the harness and the floor. Hydraulic pregsure,to the
jacks was prévided by an Amsler pendulum dynamometer and distributed
lgvenly.to Fhe jacks through a maﬂifold. In each case the load was )
appliea directly above a post on the longi:udinal,centerlihe of the

beam. Figure 3.4 shows the loading positions for each beam.
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Each beam was loaded using a Sufficient number of increments
to facilitate accurate observation and recording of the behaviour. A&
each load.inérement readings of the electrical resistance strain gages,
deflection'gagesland_Demec gages werertaken._ All visible cracks were
traced on the béam surface an&'numbered with ;he load increment number
when the crack appeared. To provide a good record of the cracking

behaviour, photograbhs were taken before -and after failure.
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CHAPTER &

TEST RESULTS

4.1 Introduction o ‘_ : ' N TN d

The tabulated, graphical and photographic results of. all the
\—_. ’ . X - .
tests are presented’in this chapter. They were obtained directly, or

calculated from the measurements taken during Fhe testlhg of the thirty

prestressed”concrete‘T—beams. The measurements taken were those of the.

-

electrical resistance strain gages, Qechanical Demec strain gages and
deflection gages. The principal test results a;e summarized in tabular
manner. The graphical results inc}ude:

1. Moment-deflection relationships.

2. Moment-strain relationships for the
prestressing strand> )

3. Load-strain relationships for th' ‘
shear reinforcemept. N
4. Load-strain relationfhips for the

strut flexural reinforcement.

5. Moment-strain relationships for the
concrete at the beam centerline.

Each piotted curve is the aqtual teéorded'?ehaviour of the gage within
thé limits of the plot. Points off the plot are 1nd1catea by aﬁ'a;rov
beside the last. plotted vaiue. A complete reéord of’the gage readings
is given in Appendix B. The photograph results show the bracking‘ana

“

failure patterns of the beams tested.

4.2 Principal Test Results

‘Table 4.1 presents a summary of the principal test results
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"~ including failure loads and moments, theoretical failure moments,
failure modes, cracking loads, the splitting and cbmpressiVe strengths
of the concrete, the effective prestress force, and the strain in the

»

strand at the beginning of the test.

. - The failure loads are the maximum loads per jack carried
by the specimen: The failure moments are the momeﬁts at the beam

centerline calculated from the fatlure loads and the loading conditions.

The theoretical failure momgnts‘are.:he flexural capacitieé‘
calculateq according to Section 18.7 of ACI 316—71_(1) using f;ui 275
. ksi (the actual ulgimﬁte tensilé stresg in the strand at fractﬁre), tﬁe
tensile force developed by two #3 longitudinal bars having a yield
strength of 50 ksi and‘anrefféctive depth of 4 inches, the averagé
concreté strenéth_gnd ¢ = 1.0. A sample célculgtion of'flex;ral'capa—

city is shown in Appendix C.

The cracking loads.listed are the loads at which cracks became
visible to the unaided eye or bégan to elongate from cracks due to

concrete shrinkage and the effective'prestress~forCe.

.

The effective prestress force and the associated strain in-the
prqstressing‘strand are included to facilitate the calculation of the

force in the prestressing strand at various load increments.

The geometry andureinforhemenc details are not included in

the table but are given in Chapter 3.
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’

4.3 Moment Deflection éelationshigs

‘The moment deflection curves are plotted' in Figures 4.1 to

4.9. ‘The deflections are those read with a survey level from the center-

A .

.

line deflection gages. The moments have been calculated at ‘the beam
centerline from the load indicated by the Amsler loading apparatus and
include the weight of the loading harnesses but not the weight of the

~

beam itself. ) ' -

Curves are plotted for all thirty beams tested in this pro-
‘gram and for compérison-che moment deflection Eurvés for the control

beamg- of Jaques Sauve (11) and Eric Le Blanc (6) are included. These

beams are numbered JS-1 and EL-1 respectivelf and are plotted in the

first- plot of beams with similar loading cgnditiohs.

.

The figures are grouped according to loading conditions;
Figure A:l beams with 7-point loading including EL-1, Figure 4.2 and
‘Eigute.6.3 beams with 4 ft. shear spans, Figuré 4.4 beams with 5 ft.
shear spans, Figute 4.5 to 4.8 beams with 6 ft. shear spans (Fiéﬁre
4.5 includes JS-1), Figure ’4.9 beams with 7 ft. shear spans. The tabu-

- lated data for these plots.is presented in Appendix B.

E 3
4.4 Moment Strain Relationships for the Prestressing Strand

Figures 4.10 to 4.28 are ploss of strain in the prestressing
strand versus moment at the beam centerline. The strains are those
read directly from the elegtrical resistance strain gages mounted on

the prestressing strand at gage locations 1 to 4 as shown in Figure 3.5.
. o
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The plotted results are grouped for each gage location and the curves
are plotted in order of the beam tests. AThe gage location, loads -and

strain readings are given in Appendix B.

The total strain in the prestressing strand can be obtained by
adding the strain dume to the effective préstressing force'and the

plotted strain,

One hundred and one gages were mounted on the prestressing
strand for all beams; 7% of these were inoperative at the .time of

testing and ate not plotted.

4.5 Load Strain Relationships for the Shear Reinforcement

Load versus strain in the shear reinforcement 1is plotted in

o

Figures 4.29 to 4.88 for gage locations S.to 24, 41 and 42. The strains
are those read directly ffom the electrical res;;tange strain gages a;d
the loads are the loads pe;,jack read from the scales of the Amsler
loading appératus. The ploﬁs are grouped in numefical order of the gage
loactions and the curves are in numerical order of the beams testgd.

The genéral gage locations are shown in Figure 3.5 and the gage locations

for each beam are given in Appendix B together with the tabulated data

for the curves.

The strain in the fuli length stirrups in the posts and solid
shear spans at gage locations 5 to 8 are plotte& in Figures 4.29 to

4.47. The strain in the top strut stirrups at gage locations 9 to 16
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FIG. 4.74 LOAD VS.,STRAIN FOR GAGE 19
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‘are plotted In Figures 4,48 to 4.67. The strain in theg bottom strut
stirrups at gage locations 17 to 24 are plotted in Figures 4.68 to 4.87.

The strain 1id the supplementary post reinforcement at gage locations

-
.

41 and 42 are plotted in Figure 4.88,

!

«

, Two hundred and seventy-pne gages were mounted an the shear

reinforcement for all the beams; 4¥ were igaoperative at the time of

testing and are not plotted.

4.6 Load Strain Relationships for the Strut
Flexural Reinforcement

Figures 4.89 to 4.102 are plots of load versus strain in the
longitudinal strut reinforcement at gage locations 25 to 40. The
strains were read directly from the electrical resistance strain gages
and the loads per jack were read from the scales of the Amsler loading *
apparatus. The plots are arranged in four groups with four gages in
each group:

1. Figures 4.89 and 4.90 for gages 25 to 28 in the top strut above

hole 2.
2. ‘Figures 4,91 to 4.95 for gages 29 to 32 in the top strut above

hole 1. - ) - <
3. . Figures 4.96 and 4.97 for gages 33.to 36 below hole 2.

4. Figures 4.98 to 4.102 for gages 37 to 40 below hole 1.

Of the one hundred gages placed in all beams on the longitu-
dinal strut reinforcement, 1% were ifloperative at the time of testing

and are not plotted.
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4.7 Moment Strain Relationships fop .the Concrete
at the Beam Centerline o ' ~
. . )

)
The concrete strains over the depth of the beam at mid-span

are plotted for selected moments in Figures 4.103 to 4.108. The
plottéd strains were those obtained from the mechanical Demec strain ¥

- gages over an 8 inch gage length and the moments were calculated i

the beam centerline from the applied loads. The plots are in nu=~- as
order of the beam-tests. The zero reading for each beam was tas=n Jus:
prior to the release of the prestressing force. The first plot I -

each beam %s the strain distribution after transfer of £he prestres-.ng
force to the b&am. “The second and subsequent plots are for strains
measured during the test at applied moments 0.0 in-kips to the maximum
moment for which readings were taken in 500 in-kips increments. The
maximum moment for which strain data is ava:.abl: is shown in the final

A
strain distribution for each beam.

4.8 Illustrative Cracking and Failure Patterns

Figures 4.109 to 4.138 include phdtographic plates of the

. \
cracking and failure patterns of the thirty beams tested. They contain
close-up photographs of the beam in tRe region of the failure and full-

o

length photographs of the beam at failure. The cracks were traced on

the beam surface and numbered with the corresponding load increments.
) .
The loads and increments are tabulated in Appendix B. .Itﬁ
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FIGURE 4.109 CRACKING AND FALLURE PATTERN OF BEAM 1-16-6

FIGURE 4°110 CRACKING AND FAILURE PATTERN OF BEAM 2-16-4



147

FIGURE 4.111 CRACKING AND FAILURE PATTERN OF BEAM 3-16-6

BEam R! 4

. L

FIGURE 4.112 CRACKING AND FAILURE- PATTERN OF BEAM 4-16—-6



FIGURE 4.113 CRACKING AND FATLURE PATITERN OF BEAM 5-16-4

FIGURE 4.114 CRACKING AND FAILURE PATTERN OF BEAM 6-16-6

1
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FIGURE 4.115 CRACKING AND FALLURE PATTERN OF BEAM /-16-6

FIGURE 4.116 CRACKING AND FAILURE PATTERN OF BEAM 8-16-7L
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FIGURE 4.Li7 . °K ;
CRACKING AND FAILURE P&TTERN OF BEAM + .0-71

FIGURE 4.11 . ‘
8 CRACKING AND FALLURE PATTERN OF BEAM 10-16-6
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FIGURE 4.119 CRACKING AND FAILURE PATTERN OF BEAM 11-16-4-P

¥
FIGURE 4.120 CRACKING AND FAILURE PATTERN OF BEAM
5
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FIGURE 4.121

FIGURE 4.122

CRACKING AN FALLURE PATFERN OF BEAM 13-16-6-P

CRACKING AND FAILURE PATTERN OF BEAM 14-12-6
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FIGURE .12 CRACKING AND FAILURE PATTERN OF BEAM 15-12-6

FIGURE 4.124 CRACKING AND FAILURE PATTERN OF BEAM 16-1246
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CRACKING AND FAILURE PATTLW & F BEAM 17-16-4

FIGURE «. 1206 CRACKING AND FAILURE PATTERN OF‘BEAM 18-16-4
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BEAM RL-19
Loab 240"

.

- FIGURE 4.1238 -‘CRACKING AND FAILURE PATTERNA OF ‘BEAM 20-26-5"
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FIGURE 4.130 CRACKING AND FAILURE PATTERN OF BEAM 22-26-5
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FIGURE 4.l3i CRACKING AND FAILURE PATTERN OF BEAM 23-16-4

BEAM RL 24

FIGURE. 4.132 CRACKING AND FAILURE PATTERN OF BEAM 24-16-6
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FIGURE 4.134  CRACKING AND
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FIGURE 4.135 CRACKING AND FAILURE PATTERN OF BEAM 27-16-4

s

: | " |
.+ FIGURE 4.136 CRACKING AND FAILURE PATTERN BF BEAM 28-16-¢
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BEAM RL 29

.

FIGURE 4.137 CRACKING AND FAILURE PATTERN OF BEAM 29-12-6

FIGURE 4.138 CRACKING AND FAILURE PATTERN OF BEAM 30-21-7
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CHAPTER 5

DLISCUSSION

5.1 Inttoduction

This chapter presents a discussion of the thirty beams tested
in this sgkies and the effects of major variables involved. The major
variables were reinforcement in the region of the holes, beam geometry,
loading, flexural capacity and material properties. These variables
and thelr effects on beam behaviour are discussed in Section 5.2. The
behayiour of individual beams is discussed more completely in Section
- 5.3. Here the beams are grouped according to failure mode. The dis-
cussion in Section 5.3 centers around the ;ehav10ur in relation to the
results presented in Chapter 4 and the failure mode. Because the
cracking behaviour was similar for all the beams of this series a gene-

ral discussion is presented in Section 5.4.

5.2 Beam Parameters

The major variable of this study was therreinforcement required
in the region around a hole. VOtﬁer parameters such as béam geometry,
loading conditions and flexural capacity were varied to plg;e different
demands on the reinforcement in the region around a hole.n,.Regarding
the geometrical changes, the span length was varied to facilitate casting

two beams in the available 40 feet of forms. The material properties

varied in a random manner.

F2s
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- The reinforcement in the region around the holes was grouped
L)

" into four types:

1. Post reinforcement.

2. Solild shear span shear reinforcement.

3. Strut shear reinforcement.

4. Strut flexural reintorcement.

The main post reinforcement consisted ot double legged No.

2 or 3 stirrups as shown in Figure 3.3 set vertically or inclined

at 45°. Supplementary post relnforcement consisting of horizontal
stirrups or inclined bars was used in some cases along with the vertical
double legged stirrups. Increasingsthe number of vertical or inclined
Jdouble legged stirrups. increased the failure load of the posts as was
previously noted by LeBlanc (6) and Sauve (11) in their studies.
Inclined stirrups gave the posts higher capacity than vertical stirrups
and also reinforced the top strut against shear near the load end of

the strut. Supplementary éost reinforcement increased the post strength.
The response of post reinforcement to applied loads was monitored with
the use of electrical resistance strain gages. The response of these
gages is recorded graphically in Figures 4.29 to 4.38 for the main

stirrups and for the supplementary post reinforcement in Figure:4.88.

The stirrups in the solid shear spans had the same shape as
Fhe post stirrups and were fabricated from No. 2 or 3 bars. No failures
occgrred in this region although some of the beams were 20 percent
under designed according to the ACI code (l). Several reinforcing
arrangements we;e used. In the first 16 beams cast, No. 3 stirrups

were used spaced at 6, 8 or 12 inches and set vertically or inclined
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at 45°. For the next 6 beums; three No. 3} stirrups were placed be-
sfde hole 1 then spaced at 15 inches, the maximum allowable for the
concrete section according to the ACI code (1). The Yemailning efght
beams were cast with 2 or 3 No. 3 stirrups beside hole 1| followed by
No. 2 stirrups spaced from 6 to 15 Inches according to Section 11.5.2

ot the ACI code (1). The iighter shear reinforcement allowed the

shear cracks to open wider but as was noted earlier no faliures occurred

in this region ot the beams. The response of the gages at stirrup

locations 7 and 8B in this region are plotted Iin Figures 4.39 to 4.47.

The shear reintorcement in the top and bottom struts of the’
beams of this series eliminated the most common failure of the test
series by LeBlanc (6) and Sauve (11) from all but 5 beéms of thls serlies.
The strut shear reinforcement used in‘this seriles consisted of closed
No. 2 stirrups as shown in Figures 3.2 and 3.3 set vertically or
inclined at 45°. The vertical stirrups in the top strut were spaced
from 1.19 to 4.00 inches and the inclined stirrups were spaced at 3.50
inches. The bottom strut stirrups set vertically had spacings from
1.06 to 4.00 inches and the inclined stirrups were épaced at 3.50 inches.
The strut stirrup spacing for each be;m is given in Table 3.1.

Decreasing the spacing of the strut shear reinforéement.increased the
shear capacity of the struts. Sloped post stirrups and diagonal sup—
plementary post reinforcemént increased the strut shear capacity also.
The response of the strut shear reinforcement to the applied loads at

gage locations 9 to 24 is plotted in Figures 4.48 to 4.87.

With higher strut shear capacity in the struts, strut flexural
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failures became the limiting tactor In six beams ot this series. The
strut flexural teinforcement was placed in tour lavers over the depth
of the section. At the top of the top strut, tour Noo ?-or 3 bars were
usged. In thc.other three leVle! i.e., bottom of the top strut, top

of the bottom strut and at the bottom of the bottom strut, the strut
flexural reinforcement consisted of two No. 2, 3, 4 or 5 bars.
Increasing the area of strut flexural reinforcement increased the load
at which strut flexural failures occurred for similar loading condi-
tions and hole léngths. _Longer holes required- more strut flexural
reinforcement. Bond appeared to be a problem for_the strut flexural
reinforcement located at the bottom of the top strut where the stresses
varied from yiéld in tension to yleld in compression over the length

of the struts and across the posts. Gages were’placed on the strut
flexuraf reinforcement of the last 16 beams cast. The response of these
gages is recorded graphically in Figures 4.87 to 4.102 forlgage loca-

tions 25 to 40.

The beam geometry was varied: (i) to place different demands
on the reinforcement in the region of the holes and (ii) tc facilitate
casting. The changes 1in geometry in the first category are in relation
to post and hole length and hole spacing and shape, ana the second
category is related to the span length. Several of the beams' geometric
" properties were constant throughout all the tests. The cross sectional
area of the solid beam was 114.25 square inches and the cross sectional
area of a hole was 32.0 squére inches reduciﬁg the area 28 pércent.

The gross mément of inertia of the solid cgncrete section was 4583 in

4 .
and through a hole 4369 in , a reduction of 4.9 percent.
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Increasing the length of the holes pluced higher demands on
the strut tlexural reilnforcement and the post refutorcement. Increasing

Y .

!

the post length for the same hole spacing increased the load at which »

the posts cracked and the tailure load ot the beams failing in post

shear,

Altaring fhe shape of the holes from a rectangle to a
parallelogram facilitated the placing of sloped stirrups in the posts
and increased the beam failure load. Hence such an arrangement was

more efficient as pointed out by LeBlanc (6).

.

The clear span was 20 feet for the first 16 beams and 16
feet for the remaining 14 beams, The shorter span was used to
facilitate casting two specimens at once in the available 40 feet of
forms. Shortening the span length decreased the length of the pure

moment region and thus the deflections for the same shear span length.

-
~

The loading was varied to place different demands on the
reinforcement in the region around the holes by varying the applied
shear and moment along the beam length. Seven point loading was
applied to two bgams and the.remaining 28 beams had symmetrical two

point loads with shear spans of 4, 5, 6 or 7 feet.

The seven-point loading was used to simulate a uniformly
distributed load without the extra strut moments due to transverse
strut loads. One of the beams with this loading arrangement failed

in flexure and the other in past shear.



»
Ot the two polnt loadings the 4 tt shear span resulted tn the

most severe shear conditlons placing high demands not only on the
strut shear and tlfiural reinforcement but also on the shear reinforce-
ment in the solid shear spans. Eight beams were loaded with this load

arrangement ; four falled tn flexure, three in strut shear and one {n .

strut flexure.

[ 4

The two point loading with 5 tt shear spans produced high

demands on the strut flexural reintorcement because tt was used on
heams with qoles 26 inches long. All ot the beams with this loading

+ailed ip strut flexure.

¢

. e

Two point loading with 6 ft shear spans was used in 15 of the
tests. . This loading was used to study the behaviour of a post in the
shear sgan and 1ts effect on adjacent holes. This load arrangement
prbdpcedvthe maximum horizontal shear on a post because the change in
moment betx;en th; centerlines of the holes was maximum. Of the 15
beamb -teated using this lead arrangemeunt some beams failed in each of
thé}fOur failure modes observed in this series; five failed in flexure,

v

seen in post shear, two in strut shear and one in strut flexure.

Two beams were tested with a two point loading and 7 ft
shear spans. The main reason for this loading was to study the effect
of increasing the hole length and spacing on the struts and posts of
the shear spans. Omne of these beams failed in strut flexure and one

in post shear.

The flexural capactty is the last parameter discussed which
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)

was varied to place d{?terent demands on the reintorcement in the

region of the holes. Increasing the flexural capacity was accomplished
* * .

by increasing the number -of prestressing strands. Seven ot the ' tirst

ten beams were cast with tour 3/8 iqch diameter seven—-wire prestressing
sfrands and all ot the oth;r twentv-three beams had five strands. Two
ot the beams with tour strands and ecight ot the beams with. five strands
failed in flexure.

Variations in material properties have some etffect on the beam
c;pacity but were not considered as major variables. The concrete {sed
had an average compressive strength of 5554 psi with & maximum variation
of 14 percent. This change in compressive strength resulted in a calcu-
lated change ih the flexural capacity of less than 1.0 percent. The
average splitting strength was 409 psi and varied from }Ol to 548 psi.
The modulous of elasticity was calculated tor the concrete in the first
tive beams and found LJ average 3.26 % 106 psi with E//?;Tk= 44,000,
considerably less than the ACI (1) recommended value of 57,000. The
mild steel reinforcement had yield strength of 44.3 or 33.8 ksi for No.
2 bars straight and stirrups, 51.4 ksi for straighi No. 3 bars, 55.2
ksi for No. 3 stirrups, 58.2 ksl for No. 4 bars and 54.2 ksi for
No. 5 bars. The properties of the prestressingrstrand were assumed to

be constant as only one reel was used. Properties of all materials used

are given in Appfndix A.

5.3 Beam Behaviour T

In this Sectionwtpe behaviou® of individual beams, grouped
: - t

according to failure mode; are conpared and discuscd. There were four
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failure modes observeq in this'series; (i) flexural, (ii) post shear,
(iii) strut shear and, (iv) strut flexure. These failure modes are
defined in relation to this series at the beginning of the discussion of
each group of beams exhibiting that failure mode. The beams in each
group are sub-grouped according to the applied loading and discussed in

relation to the test results presented in Chapter 4 and the ;ailure)podg.

3 r ‘q
y " R X “
The beams failing in flexure are treated as control beamﬁagid

W

the behaviour of other beams are compared to them.
’ *

5.3.1 Beams Failing in Flexure

Flexural failure is a failure due to applied moment alone,

resulting in the failure of the tension reinforcement or crushing of the
3 : ’
concrete. " In this series all flexural fallures were due to rupture of

- one or morg of thqvpgestressing Qéﬂqus. This type of failure tg desyg-
able in that it is extremely duétile. The maximum deflections varied
from 5.27 to 10.28 in giving adequate warning of the pending failure
The flexural capacity of the beams was accurately calculated using
Section 18-7 of the_ACI Code (1) with ¢ = 1. The actual flexural capa-

. .
city ranged from 1.03 to 1.16 of the caiculated capacity. In this series
10 of the beams failed in flexure under three of the five different
loadings. One beam (8-16-7L)* with a seven-point.load failed in flexure.

Nine beams with two;point loads also failed in flexure, four with 4 ft.

shear spans (18-16-4, 23-16-4, 27-16-4, and 28-16-4) and five with 6 f%.:

. . A
shear spans (10-16-6, 12-16-6-P, 14-12-6, 19-16-6, and 24-16-6). The ‘?

Sy

" two loadings without flexural failures were the two-point 1oggings with™

5 and 7 ft.shear spans which were used in conjunction with la;%er holes

* For beam numbefreude; refer to Table 3:1, page 19.

S

at
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"4 The centerline concrete strain distribution at the same load indicated

169.

26 and 21 inches long respectively.
. L 4 B

&y ) Béam'8—16-7L, the only beam with a =even-point loading to

fail in flexure, had 8 by 16 inch holes spacéd at 2 feet and 4 3/8 inch
7-wire prestressing strands as the primary flenural reinforcement. The
behaviour of this beam was that of a typical under=reinforced prestressed
concrete T-beam as'evidenced by the..moment-deflection curve, cracking

patterns, centerline concrete strain'discribution and the moment—strain

relatianships for the prestressing strands.
- . .

Failure occurred by rupture of all four prestressing strands

at the beam centerline at a load of 5.75 k per jack. The maximum applied

h

moment was 1578 in-k or 1.16 of the theoretical ultimate moment high for
three reasons: (1) theoretical caiculations assume concrete failurg!
(2) the concrete in the high moment negion is confined by the loading

apparatus,=(3) the short length of the bigh moment region.
" '

e

The moment deflection diagram 1ndicates that beam 8-16-7L is
less stiff than beam EL-1 (Ref. 6, LeBlanc's control beam without holes)
above a moment of 1000 in-k. This is because though beam EL-1 had the

’ .
same loading, span length, and primary flexural reinforcément, it had two
No. 3 supplementail 1ongitudtn§l reinforcing bars running the full length

of the beam in the botton of the tee. This extra flexural reinforcement

increased the theoretical flexural capacity approximately 224 in-k.

The photographs gf the cracking patterns show the flexure

cracks extending 0.75 inches into the top flange at the ultimate }e{E}fA/~>

-
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the neutral gxis was 1.25 inches trom the extreme compression fiberl.}The
demec gageé on the top surface of the flange were shifted 8 inches from

the beam centerline to accommodate the load at the beam centerline but

they all recorded maximum compressive strains greater than 0.003 in/in:

The measured strain in the prestressing swrand at the beam

centerline indicated the stress in.the strands was within 5 0 percent of

the manufacturer's tested ultimate tensile stress of 275.6 ksi. The
strain in the prestressing strand decreased at gage locations further from

the beam centerline becausq}gf the reduced bending moment and the supple-

mented“longiCUdinal.reinf»tf‘**wt provided.: At gage location 4, 7 feet
from the centerline, the total force in the prestressing strand was 61
~ percent of the ﬁl;imate tenSile strength just slightly above ‘the initial

prestressing force, ' The maximum moment at this section was 72 percent of

the momeny’at the beam centerlineu . ‘B

The elevgn‘gages on the shear reiﬁforceﬁent placed around holes
1 and 2'shoyed generally the shear reinforcement contributed little to
the ultimate strength of the bea@. Only’one gage, gage 6 in post 1,'
indicated strains agove the yield strain. The horizontal shear on post 1
under a seven-point loading is not as severe as the posf load on post 1
under a two-point load with a 6 feet shear span. The seven-point load
does, however, produce the most severe load on post 2. The strain in this
post re&gined below  the yield strain and the crack through the post
remained small. At,gage 7 on the long stirrups near hole 1 in the solid
shear span the strain reached S7 percent of ;he yield strain. The gages

on the stirrups im the top.and bottom'sgruts all showed strains less than
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26 percent of the yield strain and the shear cracks in the strut remained
small. This Ls because of the high moments and low shears associated

with the seven-point loading.

+

The four beams with 4 feet shear spans that failed in flexure
all had the same geometry and yery similar reinforcement. The holes were
8 by 16 inches located at 2 feet on the center and the clear span in all

cases was 16 feet. The prilﬁary flexural. r_einfo.ment was 5, 3/8 inch

7-wize. restressing sfrﬁnds running the full length of the beam. The

struixural reiﬂ.forcement in the shear .spans consisted of ‘four No., 3
bars and stx No. 5 bars. Tﬂe po. 5 bars were anchored in the sold sho?r
span beyond the support for beihg 18-16-4 and 16 inches beyond hole 1 in @
the other three beams. In the pure moment regid‘;the bars were cut off
at the centerline of hole 2. THe solid shed@ spang were reihigrced with
three No. 3 stirrups beside hole 1 ;td then No. 3 stirrups wefc spaceé‘at
15 inches for -beam 18—{6-4 and No. 2 stirrups at 6 inches for beams
23-16-4, 27-16~-4 and 28-16-4. The spacings for the stitrrups in the top
struts varied froﬁ 1.25 to 2.50 inches and in the.bottom strut from 1.06
fto 2.13 inches.

The general behavio&t of each of these beams was that of a

typical u?der rexnforced presttessed concrete T- beam, all failed by

‘\‘rupture of the prhgtffﬁgigg strands. Three of the beams failed at a load
of 38 kips per jack with an ultimate moment of 1824 in-k or 1.09 times
the theoretical ultimatehgapacity. Beam 27-16-4 failed ét 39 gﬁpef jack

Nor 1.11 times the theoretical ultimate load. The higher ultimate capa-

‘city of this beam is the tesult of the north shear span being less than

e
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4 feet because a nut, used in leveling the bearing plates that rest on "
the knife edge of the roller support, w&s inadvertently left in piace.
The maximum possible reduction in the shear span length was 3 inches.
Uging this asymetrical loading; the maximum applied moment was 98 per;
cent of the moment correspondingf;o the gymmetrfcal loading and the »

shear on the north shear span-was increased by 2 percent,, The cracking

pattern and deflections of the beam at the load poi a0 ed bhe
loading was not sxrmetrical. HoweQer, as the diffe

the results ar%aized on the §ymme rcal loading. ’

- The moment-deflection

spans failing in flexure\were 411

. ikl 40 .
- are linear, for higher moments e 3lope decreases’ to almost zero
L3 - , :
ar the ultimate moment. The maximum deflection for these beams-.was

-7
between 7 and 9 .inches.

| -

‘The concrete strains at the beam éenggrline'indicated the .
neutral axis was approximately 2 inches below.ihe extreme compression
fiber at theAultimate load at which time the»flexﬁral cracks ;ere within-
l'%ﬂ}nFQQQTOf Fhe top of the beam. The ﬁaximum recordéd strain in the .
toncrefe at the beam centerline was over .0.003 in pef in for each of »

the‘beams. The diStributidﬁ of the strain over the depth of the section

was réésonably linear with a few- irregularities at an applied moment of
S

v

The moment-strain curves for the prestressing strand at the

1000 in-k.

_ beam ceanterline (gage 1) had the same shape as the moment-deflection

curves, being linear up ta a moment of 720 inches and,tﬁe slope at higher
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loads decreasing to almost zero at the ultimate load. At the centerline
of hole 1, 5 feet from the beam centerline, the strain indicated by gage
4 was less than 50 percent of the strain in the strand at the beam

centerline for the same "applied moment.

"The 4 ;foot .shear span prodfed the greatest demz_mds on the
shear reinforcement except for the post reinforcement in post 1. The
'reinfo?cement in post 1 for these four beams consisted of four double-
Iegged No. 3 stirrups. The theéretical horizontal shear deveioped in
the post was 76 percent of the horizonkal sheaf{i; the same p;st for
beééghwith 6 foot shear spans. This coupled wk’ﬁ the fact that the
axial load was high in post, due to the applied.Iéad, made post i less
critical under this loadingi The gages in pSBt 1 at gage location 6
all exh.ibited the s#ife behaviour to the post cracking load, % is,
very small compression. The load at whicg the post cr;cks formed 1#
post 1 varied from 16 to 20 k. As the post éracked, the strains changed
from a small comp;ession to ten;ion over 0.000S in/in. In beams 18-16-4
and 28-16-4 the strain continued to increase slowly to a load ogggo k;
for higher\loads the strain decreased slightlyAto failure. 'The'sérain
in the post stirrups in beam 23—16—§£1ncreased more rapidly than 1in the
others but the gage becamé inoberative at é load of 26 kips at a strain
level beiov yieid. The stirrup of}beam 27-16-4 was thé only one to
reach the yield str;in and did so at a load of 32 kips. 'The post rein-

forcement was adequate gsince the post cracks remained small.

The reinforcement in the sqlid shear span aléa‘proved adequate

and the cracks, though larger than in the posts, remained small. The
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three stirrupg beside hole 1 in all the beams with 4 ft shear spans
behaved in a similar manner having small tensile éTtnins.up to about 15
kips then increased more quickly and app?oached a readiﬁg near the yield
strain at che‘uitimate load. The stirrups 0.625 in. from the hole
showed just slightly less strain ?han those 3.50 in. from the hole for
the same load. The slope of the load s£rain diagrams for these stirrups
iﬁ%&ner§§ly ifhcreased above a load of 30 kips indic;ting yielding at other
locations along the stirrups. Beams 23-16-4, 27-16-4 and 28-16-4 also
had gages placed on‘sfirrups in the solid shear spa; 15 ingches froqlshe
edge of hole 1 near the cutoff of the sFrut flexural reinforcement. . Only
in beam 28-16-4 did this gage (gage 8A) indicate a significant strain.
In this beam the q&rain was small to a load of 30 kips after which the

strain increased rapidly to the yield strain at a load of 36. kips.

The strains measured in the «tirrups of the top étruts indi-
cated the stirrups were adequate for ati spacings. The strains were
highest in the first stirrups near tHe load at gage 13. For thié gage
in)beam 28-16-4 the strain regched 97 percent of the &ield strain. The
load strain diagrams for this gage in beams 23-16-4 and 27-16-4 were
simil;r to that of 28-16-4 bﬁt the strains we?e-slightly smaller due to
tie closer stirfup spacing. The general shape of ;he load strain curve
for gage 13 in these three beams was an "g" curve having small strains
to a load of 12 kips then increasing at an iﬁfreasing ratio to a load -
becwggp‘19 and 21 kips above which the strain incrgased slowly fo tﬁe
ultimate load; - In beam 16-16—Z the 5ehaviour of gage 13 was'quite

diffetent and indicated the yield strain was reached at a load of 18 kips.

This was most likely due to a malfunction of the gage as the plotted



curve was mach dittferent than tor the other beams while the cracking
patterns were simllar tor all tour beams ot the ygroup. Beam 18-16-4
was the only beam fn this sub-group with a gage at the center ot the
top strut (gage 19) and the load strain curve tor this gage correlated
well with‘the cracking pattern. The recorded strain wéﬁ small to a
load of 20 kips when a web shear crack appéared; the stratn Qt higher
loads increased {n.Q regular manner to yield at a load ot 32 kips.

e

5 gy .
N i In the sti¥grups of the bottom strut the strains were highest

for gage 23 at the centerline of the hole. Although three of the four
tad -

gages at LhiS.{bQ%i%gh }ndicated yielding before the ultimate load was
reached, the r;pqy& strain was relatively constant up to the yield
st{ain and beyoud and the shear cracks remained small. The load strain
plots for this gagé indicated a small compressive straim up to a load
of 12 to 15 kips wh;ﬁ‘che st:ain jumped to tension and increased slowly
to ghe ultimate lo;d. The stirrup spacing had the expected result on
the récorded strain, that is, the largest spacings led to the larggst
straiﬁs. The difference was, however, less than the change ;n gpacing.

.. .
In beam 27-16-4 with the smallest spacing, 1.06 inches, the strain

reached 97 perc?bt of the yield strain at a load of 38 kips while beams

'18-16-4 and 23-16-4 with 1.50 inch spaging reached yield at 32 and 34

kips, rospectively. Beam 28-16-4 Qi;h 2.50 inch spaéing, double that

of beaw 27-16-4, reached the yield sft&in at a load of 26 kips. s

The top strut flexural reinforcement consisted of four No. 3
bars in the top and two No. 5 bars in the bottom. The strain measure-

ment taken clearly shows Vierendeel type of strﬁt behaviour with the

S



strafn in the horfzontal bars changing from vield (n tenstioe o vield
{n compressfon along the length ot the struts. his change in stress
along the length ot the struts produced large bond stresses and (n

three of this group there appears to have been some slip.

In beam 18;16—4 gages werc'placed on both the No., 3 and No. 5
bars at both ends ot both struts. Gage 29 on a No. 3 bar in the top
ot the strut near the load indicated the cdmpre5sivo strain increased at
4 talrly uniform rate to 95 percent of the yield strain at the ultimate
load. Directly below gage 29, gage 30 on‘one ot the No. 5 bars, the stralin
fncreased in tension slowly té 54 percent ot the vield strain at the
ultimate load. At the'reaztion end of the top ;trut gage 31 on a No. 3
bar in the top of the strut indicated that the tensile strailn increased
slowly to 64 percent of tﬁe yleld strain at tailure. At gage 32,
directly below gage 31, the strain increased in compression to a load
of 22 kips; for all higher ioads the compression decreasea-and at
fajilure the strain was 50 percent of the yield strain in tension indi-
cating that bond failure had occurred. In the other three beams of
this group, only two gages were mounted on the strut flexural reinforce-
ment oF the top struts, gages 30 and 32 on the No..S bars. The load
strain curve for gage'30 in ‘i?m 28-16-4 was similar to that of ﬁeam
lél}b—L. In beams 23-16-4 and 27-16-4, the strains were larger and
reached the yield straiﬁ at loads of 34 and 36 kips,.respectively. Gage
32 for beam 27—16;4 and 28—l§—4 indicated the s&réins were similar to
those for beam:18-16~4 but the decrease in compressive strain started at
a load of 26 kips. In beam 23‘16-4 gage 32 showed a uniform increase in

. . A
_compression to 95 percent of the yield strain at the ultimate load.
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Ihe measured strains tn the bottom strut also (ndtcated Vig-
rendeel truss behaviour but not as strongly as {n the top st;ut because
the compressive stralns u? the gtrut tlexure are masked by the teansjon
Jue to the beam moment. Beam 18-16-4 had gages at locations 137, 38, 39
and 40 while the other three beams had gages at locations 38 and 39 only.
Gages 3/ and 40 were {n the compression zone tor the strut flexural
moment , that is, at the top near the load and at the bottom near the
reaction. Hnweyer, these gages registered tensile strains Lndicating
thie compressive torce was éémited to a small area of con;rete beyond
the reintprcemeni. This is substanriatod by the strut cracking pattern.
The load strain curves for gages 38 and 39 were -imilar for each of the

tdur beams in'spite ot the different behaviours observed e top

struts. The strain in these gages increased in.tension fallure
load with the yleld strain heihg reached Jat a load between 28 and 30

kips for gage 38 and between 30 and 32 kips tor gage 39.

There were fiye beams that failed in tlexure with 6 foot shear
spans; all failed by rupture of the strands at loads between 103 and 108
percent of their theoretical flexural capacities. Although these five
beams all failed in a similar manner, there were major differences in
the reiﬁforcemenf around the holes, in the primary flexural reinforce-

ment, in the span length, and in the size and shape of the holes.

The behaviour of each of these beams was that of a typical
under-reinforced prestressed con. rege’ T-beam, with large deflections
and hjgh strains, in the ~oncrete in compression, and in the prestressing

strands in tension.



The moment detlectlon curves tor these beams fell (nto threeo
®roups depending on flexural rewnforoement and span length, The first
proup was made up of beams with tour prestressing strands as primary
tension reintorcement and 20 toat clear span. Beam 10-16-6 was the only
beam ot this series tu thts group. J. Suuvv;s (11) control beam (JS<1)
also had the same span and tensfon rei{ntorcement but had nn.holes. The
detlection ot beam J5-1 was slightly less than for beam l0-16-6 through-
out all stages ot loading with the largest dittvrg;n(‘es occurring between
moments ot 720 and 1200 in-kfps when the cracks {n beam 10-16-6 indicated
the neutral axis was between the top ot the bot;om strut and the bottom
ot the top strut. Beams 12-16-6-FP and 14-12-6 with 20 toot c¢lear spans
and 5 prestressing strands made up the second group. The moment deflec-
tion curves for these beams were similar being linear up to a moment of
/720 in-kips with the slope at higher loads decreasing to the ultimate
load with the maximum deflection over 8.0 inches. Beams }9-16-6 and
26-16-6 with 16 toot clear spans and S prestressing strands form the
third group. The load strain curves tor these two beadhs were a}most
identical and had thq same shape as those of thefseconq group (12-16-6-°
and 14-12-6) but the strain was slightly smaller due 'to the shorter span
lgngth.

For the. tive beams tailing ifm tlexure, the measured strain at

the beama' centetrline at the penultimate load Iindicated the maximum

PR
compressive strains in the concrete were between 0.0027 and 0.003&;-¢yji,

~ g8

From the strain distfibution at the same load, the neutral axis was ‘Q?_i
located between 2 and 2.5 inches below the extreme compression-fiber.

The cracking patterns at the ulttmate load indicated the neutral axis
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was between 1.0 and 2.5 (nches below the top of the beam.

The moment-strain curves tor the predtressing strands Iin the
pure moment reglon tor gages | and 2 had the same shape as the load
det lect{on curves. Increasing the number of prestressing strands de-

creased the strain but the changes in geometry did not. In the shear

ho

’
Y

spans gages 3 and 4, on the prestressing strands, indicated the strain '

decreased towards the support and that the strain was less than at

gages | and 2 for the same applied moment.

Gage 5 on the post reinforcement in post 2, below the load,
{ndicated the Sd{t reinforcement was more than adequate. Beam 10-16-6
had 3 vertical ;ouble legged No. 3 stirrups while beam 19-16-6 and
24-16-6 had 4 vertical stirrups and beams 12-16-6-P and 14-12-6 had 3
inclined wtirrups in post 2. The measured strains were between 200

and 650 micro in per in and did not appear to be affected by the dif-

ferent geometries on the reinforcing arrangements.

For beams having 6 ft shear spans and one post in the shear
span, the horizontal shear on post 1 was severe. This load and beam
arrangement was used in seven of the nine beams that failed in post
shear. Several different concrete layouts and reinforcing arrangements
were used for the posts in the shear spans of the five beams that failed
in flexure with 6 ft shear spans. For this reason, the posts and their

3L”t§b5inforcement will he diacusseﬁwﬁéba;qteiy for each Qf the five beams

> ‘i
o of this group.
ﬁ

Beam 10-16—6 had vertical posts 8 inches long reinforced with
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thiee vert ical double legged Noo 3 u(lrrupﬁ’agd supplementary reintorce-
ment conslating of two No. 5 bars at 45" . (;n.ge 6 on the vertical
stirrups was tnoperative. Gage 41 on the supplementary post reintorce-
u;nl had an lrrégulut load stratn plot that indlicated the axial load
fn the No. 5 bars, at the load where the bars reached the yield strain,
was higher than in other beams with only sloped stirrups {fundicating a
possible maltunction. Yielding ovccurred at a load ot 16.5 kips but the
cracks through the post remained small to tailure. Beam 12-16-6-F and
beam 14~12-6 both had three inclined double legged No. J} stirrups in
post 1 but 12»[0—6—: had parnllslogram shaped openings 16 inches long
and inclined post while 14-12-6 had rectangular openings 12 inches long
and vertical posts 12 inches long. Gage 6 in beam 12-16-6-P indicated
the stirrups reached the yield strain at a load of 22 kips while {n
beam 14-12-6 the maximum recorded strain was 85 of the yleld strain at
the ultimate load. Beam 19-16-6 had vertical posts B8 inches {ong with
four vertical double legged No. } stirrups as the maln reinfor;ement
in post 1 and seven closed No. 2 stirrups set horizontally along the
height of the posts as supplementary reiﬁforcement. Gage 6 on the
vertical stirrups indicated little strain up to a load of 4 kips;: at
higher'ioads the load strain relationship was linear to the penqltimate
v . _
load when the strain reached 98 percent of the yleld strain. Gage 41
on the horizantal stirrups had a similar load-strain curve which was
4sma11 to a load 4 kips and increased in a linear manner for higher loads
t; the yiéid strain at the penultimate loud Whereas in all the other

beams wich 6 ft shear spans the centerline of the first hole was 3 feet

from the support, in beam 24-16-6 the centetline of the first hole was
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5 feet from the support, therefore, there was no post in the shear spans
., . '

4
4

The plotted load- strain curv§r for gage 7, (Nx#he first stirrup

0

in the soﬂ&d shear span, were slmllar for beams 10-16-6, 12-16-6-P,

oy RS ~. B

14-12-6 and 19-16-6 in spite of the difterent reinforcement arrangements.

Generally, the strain was small up to a ioaﬁ at 7 kip§ and the.strain at
higher loads ipcreaséd‘id a linear maﬂner with vielding occurring at

loéds between 18 and 25 kfps. The strain for gage 7 in beam 24-16-6 was
much less than in other beams_gith 6 foot shear spans but similar to the

strains for gage 7 in beams with 4 foot shear spans. Closer to the

supports at gage locations 8 and 8A, the mawimum recorded strains were

less than 650 wfcro in per irr. , 1

. A variety of shear reinforcing arrangements were useq.in thf
top and bottom struts of the beamsAwith 6 foot shear spans tﬂat failed in
fleiure. ggam 10-16-6 had” closed verticél Stirrups spécéd at 3 ljZ
inchesbin both top and bottom struts. The strut shear reinforcement iﬁ
beam 12—16—6—P consisted of closed No. 2 stirrups set at 45° and spaced
at 3 1/2 inches in both top and»bottom 5truts.~yNo strut shear reinforce-
ment was provided in beam 14-12-6. In beams 19-16-6 and 24-16-6, the
strut shear reinforcement consisted of closed vertical No. 2 sti;ruﬁs

in the‘top strut spaced at 1 7/8 and 3 igches, respectively, and in the

-
bottom strut spaced at 1 1/2 and 1 5/8 inches, respectively.

h
For beam 10-16-6, ghe strain in the top struts were larger

above hole 1 than hele 2 and reached a maximum of' 98 percent of the

yield strain for gage 14, on the second stirrup from the 1§ad end of

£

»

~
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: | 2
the top strut, at a load of 17 kips.~1The'maximum recorded strain above
N A

hole 2 was 56‘p;¥cent of the yield strain. - Thg strains in the bo:fom ’

strut stlrrués wére all below.37 percent of the yield straiﬁ with the

strain slightly l;rger_below:hole 2. The anchorage of the ;ubplementary
. ¢

post reinforcement in the top strut above hole 1 and in tMe bottom strut

.

below hole 2 may have Had some effect on the measured stralins.

. .

The stirrup_strains in the top strutsfgf beam lZ—%F—6—P were
largest above hole 2 with gage IOin t.he second \s\t‘irrup from the load

end of the strut iéhicacing the yieid strain at tﬁé penultimate 108?.

‘ Aboye hole 1 the maximum recorded strain was 40Z of the yield strain.

In the bottom struﬁs the strains were also larger below hole 2 with

» -

gage 19 at the strut centerline reaching the yield strain at a loa& of

18 kips while below hole 1 gage 23 reached 95 percent of the yield.

strain at the.ultimate load. <{

Though there were no strut shear sqirdyps placedlin‘the struts
of beam 14-12-6, the sloped post reinforcement checked the sﬂéa; cracks
that formed near the load ends of the top struts. This beam also
demonstrates the higﬁ shear capécity of the concrete séction under this
’loading arrangegent,. The average ahegr‘stfess on the concreté at the
centerline of tLe hole is 750'psi based on” the minimum web width and

the beam depth less the height of the hole.

For beam 19-16-6, the strains measured in the top strut stiryups

were all below 50 percent/of the yig1d strain and similar above both

holes. In the bottom étrdt the strains were larger below hole 1 reaching
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88 :ircent of the yield Strain for gage 23 at the strut *tenterline,
while below hole 7 gage ‘19 indicated the strain was below 33 percent

of the yield strain. ‘ - . .
. o I

-

There was nqQ hole 1 in beam 2&:&E:§,and the strain in the -

{strut shear reinforcement above and below hole 2 reached ‘maximum strains

-
*

of 58 and 80 percent of the yield strain. ) !

The various &trut shear reinforcing arrangements were all

adequate even for bedm 14€12—6 which héd no struf stirrups. - The varigus
spacipgs of the vertical stirrups had little influence eon thé recorded
. strains, howevef, the inclined stirrups of beam 12-16-6-P generally

carried more ' Yoad than thé JErtical stirrups.

.

The top strut flexural reinforcement), in all five of the beams

with 6 ft shear spans that failed in flexure,‘consisted of 'six No. 3

1 } . . “’:“
bars. In the bottem struts the supplemental longitudinal reinforcement . -
gonsisted of four No. 3 bars; two at the top and two at the bottom of
‘beams 19-16-6 and 23—16—6 while beams Q0—16—é; 12-16-6-P and 14-12-6
had only two No. 3 bars 1in the bottom of the struts. Strain‘gaggs were
mounted -only on the strut flexural reinforcement of beams 19-~16-6 and
. ' - 3 )
24-16-6. .

The gages in the top struts of beam 19-16-6 indicated the
formation of a mechanism over both openings with the yield strain being
reached; in compression at gdge 32, on the bottom of the top strut of "

. ~

hole 1 near the rea&tion, and in tension at .gage 26 on the bottom of

the top strut of hole 2 near the load. The other gages in the top strut



-
indicated strains less than 40 percent of the yield strain. The gages

in the bottom struts. 1ndicated the mechanism was forming 1ndependently :

-
v

.. below both openings. At the bottom of the botton strut where both the

) .
beam moment and the strut toments produced tendion, gage 34 indicated

L2
the reinforsement reached the yield strain at a load of 13 kips. The

E

- other gages- in the tension zo‘f of both the beam moment and strut moment

L)

b gages 38 and 39 indicated yielding at a load of 20 kips.
/ .

‘\

S -
The gages on the strut flexural reinforcement in beam 24-16-6

Andicated slightly less sfrain than for 19-16-6 for the same lowd,

This suggests that strains above hole. 2 beam 19-16-6 were slightly
affected By the adjacent post 1 and hole 1. Gage 26 in the top strut
of beam 24-16-6 ind cated yielding in tension at a load of 22 kips . s

while gage 28 indicated yielding 1in comptession at a. load of 20 kips.
Gages J4 and 35 in’ the bottom strut were both, in the tension zone of

the sttut'moments and indicated yielding at 15 and 16 kips respectively.

ﬁgirut flexure did not appear to have serious detrimental
effects on the behaviour of any of the beams with 6 ft shear spans that =

failed 1n.f1exure.v1n spite of the fact that some yielding in the strut

flexural reinforcement did occur.

H

The holes in the-beams vhiéh'failed in flexure were adequately

‘ reinforced so the full flexural capacity of the beams was reached.

% .
therefore the beams failing in other modes will be compared to them.
. . Coe 1

° +

’\, 5.3.2 Beams Failing in Post Shear

| Post shear failure is a failure initiated by the failure of a

o - L 4

' ¢ . 1&% .
) R
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post in the shearispan‘wh}ch results in the lateda? displahément of the

Eop and bottom portiéns of~the:p05t. This increases the effMctive hglé N

rd
]

lehjtﬂ Jlacing extra demands on th-e.rein'forcement in region ar.ound
the holes to either side of the post. 'The strut flexural reinforcement
failed in most of the beams of this group and the shape of the beam

after\failure was the result of a strut flexural mechanism over two '

-

openings. . ‘ o
. . ;///‘

Post shear failure is undesirable because it does not allow
the beam to reach its flexural papacity and occurs with‘littie warning.
Hoﬁevef, this was‘thg most common fallure mode’observgd-in\the shear
s;ans.for all of the béams.testéd. Bgldﬁ, the‘ﬂé;ces and the parameters
that affect post shear‘faiiure are diﬁcussed‘albng.éith thé\béhaviout

of the nine beams failing in post shear, napeiy, beams 1-16=6, 3—16?6,

.4—L6-6, 6-%6-6; 7-1é—6} 9-16-6, 13-16-6—9,.29—12—§ and 30-21’7ﬂ

Where shear is ptééent, ghe majér fsrces aqting‘on the posts
are‘(l) horizontal shear due to the change in beﬁm moments bet&egn the
kcenterlines ofithe openings, (2) moments due to the hor;zoptal shear(
‘and the strut moments, (3) aiial loéd due to the applie;‘lpad géd the
change in proportion to the shear éatried by the ioprand bottom struts
from one hole to the next. The change in moments between’ the ;enterline
of holég 1 and 2, sﬁac?d:at 2 feet on center.in a\beaﬁﬁwith 6 foot shear
spané, ptﬁd;ced a horizontal shear equal to 1‘66'£1nes the'Applied shea: *
force. At‘the ultimate flexuxal éapgciﬁy, tﬁe ;heax‘sitesslin a post

with a élﬁy-B inch _cross-section 1is 1245’33{ or 16.7 times the square

root of the average concrete strength for this series. Assuming an
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A . . \

. - .
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inflection point at the mid-heigh; of -the poscs; the maximum bending

. \ ,
moment produced by this horizontal shear was 159 in-kips. @ L

. . s .
N - L4 -

The prime variable of this series was the reinforcement in
A . - }

.

vty

the region around the holes, For the .beams failing 1nlpost shear, tHe

reinforcement in post 1 had the greatest 1ﬁf1ugnce oe Ehe post's ability
. : v ) L ' : . ’
to resist e applied forces and /A8 beam capacity.  Increasing the

total ea of vertical‘s;irrupﬁ in post 1 for beams with 8 by 16 1inch

" 'hole® fatling in post shear dincreased-the beams' load éatrging capacity.

.Inclining-the po;! reinforcement also increased the capacity of the
beams. The addition-of horizontal stirrups in the posts increased the

*shear capacity of the post and reduced the strain in the,Vettical rein-

" forcement. The strains measuted in the post reinforcement at gage 6,

. for the beams failing in post shear, was greater than in beaq? with

Athe same geometry, post reinforcement énd-loadingnthat did not fai"in

post shear. The post reinforcement in all the beams of this series

appeare&'to be adequate to resist the bending moments due to the hori-

>

5 .
zontal shear. The other reinforcement in the region around the holes

/was adequate in all the beams failing ‘in post shear and in ;one(of,
these beams was the beam capacity reduced by failure of any of the ‘
teinforcenent except the post teiﬁforcenent. In fact, the strut flexural
relnforcement of bealle 4-1649 was morg than adequate. A reduced shear
capacity in the bo£ta- strut of this,gean resulted in a réducéd'axial

compression on;post 1 which cau;ed the bost to fail at a relatively low

. a
< . -

'Y
load. At this lower load, the top strut flexural reinforcement was
. N : J :
‘sufficient to carry the strut moments of a strut spanning two openings.

il "

-

»
~
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and the ultimate capacity of the beam was f.% kips higher than the post
* \ Al . )
failure load of 11 kips per jack.’ o A

L

The size and shape of the posts also affected the post be- .
. -+
. ) ) N /
haviour. Larger posts reduced the shear stresses produced by the hdri-
zontal shear and increased the post flexural capacity. For beams with

one post completely within the shear span, the post cracking load for

this post was highest when the length of the post and the poét crack

N,

were longest.‘ For beams’wigh vertical 8 by 12 inch posts, this crack

4

was 16\42‘ihches long'and‘;esulted in the highest post cracking loads.
The crack length of inclined 8 by 8 inch posts Qas 5.66 inches and
resulted in the lowest pdst cracking !oads. The érack length and ‘the

post cracking loads of 8 by 8 inch vertical posts fell between these

.

two extremes. The ultimate capacity and theé strain in the post rein-
forcement were also affected by the p;st geometry. Althg?gh compari-
son is“limited, it appears that increasing the horizontal dimension of
vertical posts increases the post's ability to resist horizontal shegr

and reduces -the strain in the post reinforcement. Inclined posts had

extra moments, dué to the post inclination and the axial load, but
because of the inclination of the reinfor;emeﬁf at right angle to the

post cracka.thé ultimate capacity of the posts were increased.

The hole spacing Qas the othercgeometfic parameter affecting

gﬁe behaviour of the posts. Increasing the hole spacing increased the

change in moment between hole centerline and thus the horizontal

shear on- the posts decreasing the post cracking load and increasing
-

the strain in the podt reinforcement. The co-panisqi of the post

T
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" {ndicated the strain increased with hole spacing but only at higher

-
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Al
cricking loads for different hole spacings was as expected, less toxr the

\afger hole spacings both for beams that failed in post shear and ihose

that did not. The comparjison of the strain in the post reinforcement at

>

gage 6, though limited because of differerrces in post reinforcement,

loads. Because of differences in cement used in the beams

failing in past shear, beams failing modes are the

I

comparison below. Beams 19-16-6, 25-16-6 and 26-21-7 had ‘s

reinforcement but hole spacings of 24.0, 24.0 and 30.3 inches respectively.

" The load strain plots for gage 6 in these three beams were almost iden—
M’\

\
tical up to a load of 17 kips after which the strain in 26-21-7, with

) Ind
the longer hole spacing, increased more rapidly than in the other two

beams to the ultimate load.

The various loading arrangements used on the beams failing in

post shear allbved variation in the geometrical properties of the psgis

- .
and hgles.

Increasing the flexurxal capacity increased the failure load

in two cases and decreased it in one cAse for othe}vise similar beams.
Beams 1-16-6 and 6-16-6 with 4 3/8 inch 7-wire prestressing strands

failed at loads that were 91 and gf percent_of the failure loads for

o 4
beams 3-16-6 and 7-16-6 which had 5 strands. However, beam 8-16-7L
: - “

which had 4 prestressing strands failed at 104. percent of the failure

load of 9-16-7L which had S prestressing strands.

The general behaviour of all the beams which failed 1n post

- * ’ !
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shear are similar. Post 1 cracked at a relgtlvelv small load (below
. *

37 pgrcent of Fhe'theoregical flexural capacity) after which the;post
retnfnrcemeht picked up load and, 1n>dost cases, gieldgd before failu;:
of the post. The post failure drasticélly changed the beam geomé(ry by
more than do;bling the effective/hole length which led to the forma;}o;
of a mechanism and failure of the beam. The load at failure was between

66 and 103 percent of_ the theoretical flexural capacities of the beams.

In beams 1-16-6, 3-16-6, 4-16-6 and 29-12-6, after post 1
cr;cked the strain in the post reinforcement continued to increase to
v

the ,yleld strain and béyond in some cases before the post failed which
initiated the férmaﬁion of a strut flexure mechanism over the two
openings of the shear span. For beams 6-16-6 and 7-16-6, the post
failed before the pbsg reinforcement reached the yield strain but other-
wise the failures were similar to those of the four beams discugs%?
abave. The general® behaviour of beam 13-16-6-P was similar ti/j#;t of
the first four beams except that as the strut flexure mechanism was
forming the top strut fa#léd in shear compressioﬁ above hole 1 at the
reaction end. The fallure was éxploéiVe and small blocks of concrete
from the flange were thrown up toO 10 feet. The general behaviour of.
\beams 9-16-7L and 30-21-7 waé ;150 similar to that of the first four
beams discussed except that in these beams the failure of post 1 caused
past 2 to fail and then a strut flexural mechanism was forned over

¢

three openings.

The strain in the concrete at the beam centerline indicated

the neﬁtral axis was between 3 and 15 inches below the extreme compres—
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slon tiber for the last set of readings taken. , The concrete strain
distributions are gsimilar for beams fatling in post shear and for beams
failing in flexure for the same applied moments. However, bec‘ﬁse the

flexural capacity was not reached, the nax{mum conpfessgve strains

measured were 1owér ranging from 0.0010 to 0.0022.

s

The centerline momen@ deflection curves qu beams fa@ltng in
post_shear, up to their ultimate loads; follswed the same path as those
of beams failing in Plexure for the same loading, flexural reinforcement
and clear span. This comparison app::es to beams 1-16-6, 3-16-6, 6-16-6",
7-16-6, 13-16-6-P, and 29-12-6 but there are no exact comparisons for
beams 4-16-6, 9-16-7L and 30-21-7. Beam 4-16-6 was unique in that the
shear capacity of the bottqgp strut was reduced by the insertion of metal
plates and the wrapping of the prestressiqg-strands below holes 1 and 2
of the north shear span. The deflection of this beam was greater than
for any_other beam f;r the same applied moment. For th%s beam, the
moment deflection curve was linear to a moment of 396 in-kips after

.

which the slope decreased slowly to a moment of 792 in-kips when post 1

e N

failed. As post 1 failed, there was a jgpp i{n the deflection but the
beam continued to carry load to a maximum moment of 900 in-kips. 66 ;
)
percent of the t?eoretical flexural capacity when the deflection reached
1.86 in.  Beam 9-16-7L was different than any of the beams vhicg failed
in flexure because it was the only beam with a 7-point loading arrange-
ment and five 7-wire prestressing sfrands. The centerline deflection
for this beam was less than that of beam 8-16-7L which had the same

loadlﬁgwand clear span but lighter flexural:reinforcement. For beam

§
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0-21-7 there 'is no direct comparigon because there were ‘no tlvxx‘l
tatlures in the two begms with two point loading and /7 ft shear spans.
I'he centerfine deflections of these two beams 30-21-17 and }b—ll—)._
"which had the same loading flexural relnforce;ent and clear dpan, were
sigllar for simjlar 1o;d,levelsw Because of the short pure mowmént’
regioﬁ {n these beams the detlection was less than for any other beam
of this series. The flexural cqpaci(y.was not reached in the beams
falling in post shear therefore® the maxi.pum centerline deflection was
less than for ‘"beams which taxled in flexure.r However, the maximum

deflection of beam 13-16- 6-P was 6.48 inches at 103 percent of the
- *

theosetical flexural capacity. ot

"‘..:
The moment-strain curves for the prestressing strand were

similar for beans failing in post shear and beams failing in flexure

191. .

for the same flexural reinforcement and ldading. This direct compari-_

- ’l

sonappliestobeansllbb 3166 7-16-6, 13166?5%29126
There vé}e, however, small variations due to differing crack locations
but no gqperal pattaﬁn was evident. There weré:né direct c&mparisoua
for beams 4-16-6, 19 16-7L and 30-21-7 fLr the same reasons noted 1in
the discussion of the centerline deflections. In beam 4-16-6, gages
1, 3 and 4 showed that the beam was behaving as an ahbonded member

for moments above 192 in kips when post 1 failﬁ7{/ For beams 9-16-7L

and 30-21-7 there. were no exagt comparisons except at the beam center-

line (gage 1)  where the strain was similar to the strain in beams with

the same flexural réinforcemené for the same applied moments. -

Posts 1 and 2 of each of the beams failing in post shear had
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the same post relntorvcnrnt'except in befn JO-21-7 to which supplementary
post relnforcenen‘t war added in post 1. Four di”erent arrangements %
veritcal and tncfned stirrups were employed in the posts of the bc..‘
fagling in 'pu"t skeear. Beemd 1-16-6, }—lb—b,%—lb—b.. 9-16-71. and
30~21~7 had thyee Vexgtical dohblcylc..ed No. 3 stirrups in posts 1 and

2, Beam JOffl-l'alno h,d aubplennn;ary post reinforcement in pést 1 con-

t . \ :
sisting of three closed No. 3 stirrups set horizontally. Beams 6-16-6

14
and 7-16-6 had tive vertical double legged No. 3 stgryups per post. Beanm

29-12-6 had' two Yo. 2 and one No. 3 double legged verti’kl stirrups in
. : : [}

I3

each post. Beam 13-16-6~P had two inclined double legged No. 3,gtirrups

, per post.

.The failure of the beams failing in. post shear were all initia-
4 -ted in post 1 so the behaviour’'of the reinforcement in this post is of
gfgater concern. The behaviour will be discussed in numerical order of

+

the gage numbers as they are for other beams.

Gage S in post 2 of the peams with vertical stirrups all

.

behaved in a similar manner. The strain remained small until the post

-

frpcked at which time there was a jump in the strain reading. After
cracking, g:;’strain increased in a line?r manner with increasing ‘P‘d
fo a maximum of less than 56 percenmt ofrihe yield strain. For beams 1Q
which h_post crack occurred in post 2, the rgcotded'étra%ns vere less

in beams vith!five vertdical stirrups per ;ogt than those‘with three

for the san; loading rangement . In beams 1-16-6 and 29-12-6, no post

" cracks developed in post 2 and the maximum strain at gage 5 was less

than 1 percent of the yield strain. Post 2 in beam 29-12-6 did not
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crack because of the Marge.posts used in this beam. The raas for no
crack appearing in post 2 of beam 1-16-6 is not as obvious but since

the ultllntc load of bo.n 1-A6-6 ts» only 1.5 kips sbove the poot crack-

h

ing load for poet 2 in beame 3-16-6, 6—16-6 and 7-16-6. 1t vould sees
reasonable that 1t wvas due o "a higher tensile strength tn tho concrete
of the posts of beam 1-16-6. G?ger in bgnn 9-16-7L did not operate .
correctly as the -tr.}n was !pér SO percens of the yield strain before
the post cracked. .Beng 13+16-6~P was the only ‘beas f.ilini in post o
sheag which ‘had inclined stirrups and the behaviour of gage 5 in this
bbam was différent than in bé;-s vi}h vertical stirrups. The seasured

- »

strain remained small to a load of 8.E1pa when it increased in a linear
. r 2 5
nanner ‘to the ultinate load yielding at a load of 20 kips. A -njor

crack appeared in po-t 2 of thin bcn- at 4 load of 11 kips just above

the gage but it did not pass all the way through the post.

P

For the beams failing in poét shear, at failure, post 2

remained intact .except for beams 9-16-7L snd 30-21-7 in which khe\fnilure
mechanism extended over.three‘openings. The %grain gage readings gave -

no indication of tliis t§pe of respouse. I

~
2

Post 1 is all of the beams failink 1n‘post shear was severely

<

distorted at- fatlureg as the failure- 1n1ciated here. The strains in the

post: teinforce-ent for #gagé 6 were lnrget 1n beams failing in post shear

< -
.

than in any other mode. ., For these reasous the bshaviour of the post

reinforce-nnt in these beans was of major importance. The shape -of the~ o,

-

1qad ntrain curves for 3.ge 6 were all similar with the strain being small

up'to the post cracking loud when there wvas a ju-p in the strain; at

o N S o

LY
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higher loads the strain increased in a linear manner with respect to the

dpplied load. There were, however, differences in the post cracking

loads and the slope of the load-strain curves for different reinforcing

. .

arrangements, and post and hole geometries. Two different approaches

to the correlation of the applied‘shear and the force in the stirrups

are discussed below.

&
The first was based on the slope qf~the load strain curve after
cracking. Using this slope, the modules of elasticity of the stirrups,
the area of the post stirrups, and assuming the strain'iniall the’
stirrups is the same, the re1§tionship between the stirrup force and the

strain in the post reinforcement was obtained for loads above post cracking.

Beams 1-16-6, 3-16-6 and 4-16-6 had three vertical No. 3
stirrups and 8 by 8 inch vertical posts. The post cracking loads were
9, 8 and 7 kips, respectively, after which the strain increased an average
of 142 micor in. per in. per kip shear.correspbnding to an increase in the
axial load in thé stirrups of 2.71 kips per kip shear. In beams 6-16-6
and 7-16-6, with five vertical No. 3 stirrups in the 8 by 8 inch

vertical posts, the posts cracked at loads of 7 and 6 kips, respectively,

after which the strain increased 88 micro in. per in. perckip shear cor-

Ll

responding to an axial load in the five stirrups of 2.80 kips per kip s

8}

shear. Beam 9-16-7L had three vertical stirrups in 8 by 8 inches but was

loaded with a 7-point load. Post 1 cracked Qt'é load of 2.25 kips giving
a maximum shear of 7.88 kips. The slope of the load strain curve beyond

post cracking was 531 micro in. per in. per kip load corresponding to an

axial load fn the three stirrups of .10.2 kips per kip load or in terms
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of the total shear 2.90 kips per kip shear, Gage 6 in beam 13-16-6-P

wi?h 8 by 8 incliﬁed.posts reinforced with Ero inclined No. 3 stirrups
inéic;ted the stra;n, after the post cracked\ét a load of 6 @ips, in-
creased at a rate of 142 micro in. per in per Rip shear or the axial

load on the two stirrups increased at 1.82 kips per kip shear. Beam
29-12-6 had two No. 2 and one No. 3 stirrup, in.8 by 12 in. posts.
Gages‘were mounted on Ehe No. 3 stirrup and on one of the No. 2 stirrups
and are referred to as gages 6 and 6A, respectively. Post 1 1; this
beam crackeﬁ at a load of 11 kips. Gage 6 after the post cracked indi-
cated the strain wés increasing at a rate of 275 micro in. per in. per kip
shear or the axial load in the stirrups was increasing at 3.35 kips per
kip shear while gage 6A indicated the axial load in the stirrups was
increasing at 1.97 kips per kip shear. The 8 by 8 in.‘posts oé beam "i>

30-21-7 were reinforced with three vertical and three horizontal stirrups~

The holes of this beam were 21 inches long whereas those of the other

.
.

beams failing ip post shear were 16 inches long. After post 1 cracked’
at a load of 6 kips, the strain increased 129 micro in per in per kip

shear corresponding to an axial load in the three vertical stirrups of
2.47 kips per kip shear. Gage 41 on the horizontal stirrups indicated
the strain was increasing at 106 micro in.pér in. per kip shear or 2.03

kips pér kip shear axial load in the three horizontal stirrups.

-

This first approach is conservative because an extension of

the load strain curve after cracking to the abscissa indicate® a com—

. pressive skrain exists in the reinforcement at zero load. The second

approach is also conservative but passes through 0 at O load.
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The second approach is based, as.was the first, on the assump-

tion that the strain in all of the stirrups is eq:al; but instead of
c !

taking the average slope after 'the formation of a post crack, the slope
was calculated from zero to a point on the load strain‘burve wherebthe
.yield sgrain was reached or the last ajpilable point on the curve for
beams where no yielding occurred. Using the slope of this line, the
area of tﬁ;~feinforcement and the elastic modulus, the relationship
between the total shear and the axial load in the reinforcement was
obtaiqed. This calculation showed that for a given geometry the load on
the post retn{orcement waé a ‘p’tiple of the applied shear. For 8 by 8
;nch posts and 8 by 16 inch rectangular holes with vertical reinforcement
the axial load on the post réinforcemenf was 2.51 times Fhe ?eam shear
with a maximum variation of 6.3 peréént for the six beams failing in
pose sheaf in this category. Each of the other three beams failing in
post shear had different geobetries. In beam 13-16-6-P with inclined
openings and stirrups the axial load in the stirrﬁps was 1.83 times the
applied shear. Gages 6 and 6A in beam 29-12-6 indicated the force in
the post stirrups was 1.55 and 1.18 kips per kip shear, respectively.
Beam 30-21-7 with 21 inch ?oles had posts whicﬁ Qe;é reinforced by both
horizontal a;d vertical stirrups indicated the axial load on the stirrups

was 2.42 of the beam shear while gage 41 indicated the horizontal stir-

- rups carried a load of 1.97 times the applied shear.

-

The principal force acting on the posts in the shear spans was

" the horizontal shear due to the change in moments between the centerlines

of the holes. Therefore, the maximum force in the stirrups calculated by
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the second methad were compared to this horizontal shear for all of the
beams of this series with more than one hole in the shear span for

vartous post and reinforcement arrangements. Where both vertical and
hoiizontal-stirrups were'used, the maximum average force in the vertical
stirrups for hole spacings of 26 and 29 inches were 1,24 and 1.22 times

/

the hotizontal shear force, respectively. in the horizontal stirrups -
the force was O.7é ard "0.99 times the horizontal shear.'respectively.

When only vertical stirrups were placed in the vertical posts for holes
éé inches on center, thé post size had a large effect on the force in the -
stirrups. For 8 by 8 posts, the maximum average force in the stirrups
was l 56 times the horizontal shear while for 8 by 12 in. posts the
maximgm'avepage force in the stirrups was onl;‘i.OB times the horizontal
shear. Yo:-inplined stifrups. the post geometry also affected the force
in the stirrups. In beams with parallelograﬁ-shaped openingi‘ 16 inches
long spaced at 24 inches on center, tﬁe maximum average force in the
stirrups was 1.10 times the horizontal shear while fog be;ms with 8 by

12 in. posts and holes spaced at 26 inches on ceﬁter the forcé in the

inclined stirrups was only 0.75 times the horizontal shear. For beams

with 7-point loads and 8 by 16 in. holes 24 inches on center, the

. maximuym average force in the vertical stirrups was 1.87 times the hori-

zontal shear. This comparison of the stixup force and the horizontal
shear shows the advantages of (i) adding horizontal stirrups to vertical
stirrups, (ii) inclining the reinforcement, and (iii) increasing the

post size.

a r

Ihefe were no gages placed on the post reinforcement in the

post flexural tension zone. Howe?et, from the cracking patterns, the
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post flexural capacity appeared to be adequate for the post and rein-

forcement arrangements used in this series.

.- At gage 7 in the solid shear span, the load strain plots for

-

beams failing in post shear were similar to the ‘turves for gage 7 of
éhe beams failiné in flexure with 6 fobé shear spans with two excep—h
tions; beamg-Q:l6—6 and 29-12-6. Generally, the strain was small up to
a load of 4 to 7 kips after which the strain increased linearly towards
yield between 18 and 25 kips but ::1§ in beam 13-16-6-P did gage 7
indicate that the yield strain was readheg. In‘beams 4—16;6'and 29-12-6
the recorded strains at gage 7 were'less‘than for otﬁer beaék of this
group. Beam 4-16~6, as was noted earlier, was cast with the ;ﬁear:
capacity of the bottom‘stnut reduced and, because of this, gage 7 indi-
cated a small compressive strain up to the ultimate load. ..Gage 7 in
beam 29-12-6 for no_aﬁshrent reason behaved similarly to gage 7 in.
beams with 4 foot shear spans. The strain remained smail to a load of

11 kips after which it increased slowly to a maximum strain of 750

micro in. per in. at a load of 19 kips.

The‘top struts of the beams failing in post shear had a
variety of top:strut shear- reinforcing arra&gements consisting of
vertical or inclined No. 2 stirrups. Beams 1-16-6, 3-16-6, 4-16-6,
6-16-6, 7-16-6 and 9-16-7L had vertical stirrups spaced at 3.50 inches.

Beams 29-12-6 and 5&¥21—7‘had vertical stirrups at 3.0 and 2.875 in.,

AN

respectively, while 13-16-6-P had ‘inclined No. 2 stirrups spaced at
3.50 ‘inches. The recorded strains were highest above hole 2 for all

but beams 7-16-6 and 9-16—7L of this group and along the lemngth oflthe
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“strut in the stirrup c;osest to the load for gages'9 &nd 13 for struts

above holes 2 and 1, 'respectively. Beam 6-16-6 was the only beam with

verti

1 stirrups in which the gages ind&fated yielding. Gage 9 in

‘ thig beam reached the yield strain at a load of 15.5 kips vhile.gage

. reacheq 90 percent of the yield strain at the ultimate load'sf 20.5
kips:. For 'all other beams the strain for gages 9 and 13 was less than
- 81 percent of the yidld strain. The recorded strains at gage 9 -in
beam 4-16-6 were similar to those of heam 6-16- 6 but beam 4-16-6 failed
at- a much lower‘load. In beam 13-16-6-P, with inclined stirtups, the
maximum recorded strains were larger than' those of all but beam 6-16-6,
the ultimate load was also larger. At gage 9 in beanm 13—16—6~‘/the
strain increased slowly to 350 micro in. per in.at a load of 18 kips;at
higher loads.the strain. increased rapidly to the yield strain at a

load of 22 kips. The maximum strain above hole 2 was more than three'

times that above hole 1.

_ : 4 ‘
The shear reinforcement in- the bottom struts of the beams

failing in possxshéar consisted of closed No. 2 stirrups; Beams 1-16-6,
) & )

3-16-6, 6-16-6, 7-16-6, 9-16-7L and 13-16-6-P had the same stirrup
spacing and inciination in the botton strut as in the top strut. Béams
29 -12-6 and 30-21-7 had vertical No. 2 stirrups spaced at 1.625 and 1. 875
inches, respectively. Beam 4-16-6 had no shear reinforcenent in the
bottom strut. The strain in the stirrup of ‘the bottom ‘strut was larger
below hole 2 except for beams 6-16<6 and 29-12-6 where the stirrup
stgain was eqdal below both holes of the shear span. The maxismum strain

3

along the length of the bottom strut was recorded near the strut center-

.
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line. &ﬁouever. only in beams 13«16—8;P. 29-12-6 and 3b—21—7 were gages
" mounted at the<strut ceneerline at gage locations 19 aﬁ 23; for the
other beams the gages closest to the centerline were gages 18 and 22.
0f the beams with vertical stirrups,only in beam 30—21 7 was the yield
strain reached while in all of the bther beams the strain‘was less than
40 percent of the y?eld strain. The gages on'Fﬁe inclined stirrups of
beam 13-16-6-P {ndicated the strain was larger than in the beams with .

vertical stirrups. The stratn in the ﬁottom-sﬁrut stirrups of beam

13-16-6—-P below hole 2 was ‘twice as large as the strain below hole 1.

The strut flexural reinforcement in the beams iailing in post
shear had various (rrmgemeﬁts? in beams 1-16-6, 3-16-6, 6-16-6, 7-16-6,
9-16-7L and 13-16-6-P the top strut flexural reinforcement consisted of
six No. 3 bars, four ;t the top and two at the bottom. The bottom strut
had two No. 3 bars as supplemental longitudinal reinforcemeht in the |
gottom of the strut odli. Beam 4-16-6 had the same top strut flexural
reinforcement as the beams discussed above but the bottom strut had no
Suppleeentary flexural reinforcement. Beam 29-12-6 had-six No. 2 bars
in the top strut and four No. 2 bars in the bottom strut, two at the
top and two at the bottom. Bea; 30=21-7 had four No. 3 at the top of
the top strut and two No. 4 bars at the bottom. In ;he~bottod strut of
beam 30—21-7, the supplemental longitudinal reinforcement consisted of
four No\jﬂ bars, two at the tdp and two at the bottom. Beams 29-12-6
aqd 30~21—7 were the only beams vith gages on the strut.flexutal'rein-

b

forcement.

The general behavior of the reinforcement- as 1ndiepted by the



gages on the supplementary longitudinal reinforcement in these beams
was similar to the beha;iour of the reinforcement in beams "1thu£ foot
shear spans which failed in flexure. Viérendeel strut action was indi-
cated over e;ch opening but there were also indications of the fo;ma-
tion oé a méchanism err two openings énd seme decrease in stress
possibly‘d;e to loss of bond. Thé smaller holes and lighter:.rein-
forcement of Beam 29-12-6 and the larger holes and heavier reinforcement
of Peam 30-21-7 produced very similar effects on the load strain curves
for these two beams. The first yielding of the strut flexure reinfarce-
ment occurred below hole 2 at the bottom of the boitom strut near the
load at gage 34 where there is tension due to both beam and strut
moments. The maximum compressive strains were recgrded in the bottom

of the top strut above hole 1 near the reaction. at gage 32.

v

The posts in the shear spans are subjected to a horizontal
¢ .
shear which places high demands on the post reinforcement. However,

when the post reinforcement is adequate, the failure is forced to

~ another location.

.

Cr 5.3.3 Beams Failing ip Strut Shear

Strut shear“failure is the failure of a beam due to a shear
cofpression failure of the top strut and/or a shear and tension failure
of the bottom st?ut. This mode of faiiue is undesirable in that it can
occur with little warning below the flexural capacity of the beam.

L

Strut shear failurée was the most common failure mode in the test series

of LeBlanc (6) and Sauve (12). Howéver, the addition of strut shear
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reinforcement in the top and bottom struts ot the beams in this series
eliminated this type ot tatlure lrom\ll but 9 tunm\s,‘n‘mwlv, 2-16-4,

v

5-11-4, 11-16-4, 15-12-6, and lo-12-b. .
’ \ .

Ihe top and bottom struts dre acted on bv shear, moment and
axial loads. The total shear at a glvgn section through a hole is
distributed in some changing ratio between the top and.bottom struts.
“This strut shear also produces strut moments. I'he axial load on the
struts due to the beam moments produces tension in the bottom strut and

compression in the top strat.

. .
The axial load on the strut can be accurately calculated from

1)

the bending moment at the centerline of the hole and from the assump-

tion that the compressive force acts through the centroid of the top

- .
>trut and the tensile force acts through the centrvid ofc the tensile
reinforcement in the bottom strut., The shear and bending moments in the
struts are, however, dependent on the distribution of shear to the top
'and bottom struts which changes as the load {is applied Several dif-
ferent approachés to the distribution of this shear have been ptesented.
The simplified classical Vierendeel truss analysis assumes the shear
is distributed in proportion to the gross concrete areas of the struts
" and contraflexure points are assumed at the center of the strut's
length. "Lorensten (7) in hie work assumed the shear was carried totally
by the top‘strut while the bottom strut was assumed to be a tension
link carrying no shear. Nasser et al (8) Suggéeted a design procedure

which proportioned shear by gross concrete area but suggested any dis-

tribution can be assumed as long as the total shear is provided for.
. - Y
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Hanson (5), trom his research on joists in negative bending, concluded

that before cracking, the shear was Jdistributed in proportion to con-

crete area and atter cracking the compressive strut carried all

additional shear. At this time, it {is rfpugnlzed that the beam shear

s i
is resisted by shear {n both the top andjhottom struts. The relation-

ship between the strut forces and the ameters of this series is

-" “:;ﬁ‘ d the holes was the prime
ot ) i
v.'iqréement in the strut;vhad-\\\\\\*~
the greatest influence on the struts' ability to resist shear. Decreas-
ing the stirrup spacing increased the strut shear failure load. The
sti{?ﬁ} spacings for the first 16 beams of this series were set at
3 1/2 inches in both top and bottom struts based on calgulations of the
net section through a hole. The spacings ~he stirrups in the top
and bottom struts of beams 17 to 30 were based on an assumed shear dis-
tribution according to ''shear area’. The "shear area' of the bottom
sttutiwas calculated using the minimum web width. Thé "shear area' of
the top strut was based either on the minimum web width or the minimum
web width plus a portion of the flange and chamfers w{thin the flange
.thickness on either side of the web. No strut shear,failures'occurred

in the beams where the shear was proportioned by ''shear area’.

Strut flexural reinforcement played a major role in resisting
the strut moments due to strut shear and probably carried some shear by
dowel action. It did not appear to have a great effect on the strut

shear capacity of beams of this series.
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The post teintorcement and {ts arrangement had & large (nflu-
ence on the strot “shear capacitv, Inclining the post reinforcement in
otherwise similar beams increased the shea; capacity of the top strut
near the load sutticiently to cause a tlexural failure. Other post

’ L]
reinforcement arrangements and the reinforcement arrangemeants in the

solid shear span had little ettfect on the strut shear capacity.

The various 2-point and the 7-point loadings effectiveiy éhanged
the to{}i applied shear to produce the same bending moment. The l-point
loading with 4 foot shear spans gave the highest shear which placed the
greatest demands on the stfuts of hole 1 in shear flexure and axial
load. Three of the 8 beams with this loading failed in strut shear,
namely, beams 2-16-4, 5-16-4, §n¢’ll—lb~&-P. The 2-point loading with

’

b foot shear spans was the;other léading condition which produced strut
shear railures. This réading produced the highest axial loads in the
struts ot héle 2 and thereby increased the shear carrying capacity of
the top strut and aldo decreased the capacity of the bottom strut. At
‘hole 1, because the axial load was smaller, the bottom strut was able

to carry more shear than the bottom strut of hole 2, while the top strut
at hole 1 had a lower capacity. For these reasons and because the depth
of the bottom strut was 1.66 times the depth of the top strut, the
critical struts should be above and below hole 2. This was the case

in the two beamsvof this group with 6 foot shear spans which failed in
strut shear, namely, beams 15-12-6 and 16-12-6. The loadings with 5

and 7 foot shear spans produced conditions similar to those of 4 and 6

foot shear spans;‘réspectively, h‘u were applied to beams with longer
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holes. The 7-point loading arrangemsnt gave 4 large variation in shear
and moment along the length ot the beam but the total applied shear was

lesy than for the 2-point loads with shear spu& less than 6.5 feet.

Increasing the flexural capacity by fncreasing the number of
prestressing styands had‘tvo primary effects on the str;ts. The total
shearvrequired to produce flexural failure was increased placing extra
demands on the .shear reinforcement. Secondly, ;he effective axial
tensfon in the bottom strut was reduced because of the higher initial

prestress force thus increasing the -shear capacity of ‘the hottom strut.

The geonetronf the holes and posts had some influence on the
shear capacity of the struts but the most evident changes were 1in
_association with post reinforcement arrangements which were disgussed
earlier. One geometrical property which was not related to post rein-
torcement was the hole length. For othervise ‘similar beams, the strut
shear capacity was higher as the hole length decreased (conpare 15- 12 6

and ELS5S-16-6 (6) with ultimate loads of 19 and 17.25 kips, respegtively).

\ .

The strut shear failures of this series, as shown by the \\\
photographs of fatlure, occurred in two dif ferent ways: (i) by the ,
si-ultaneous opening of shear cracks in both the top and bottom struts, \\\

and (i11) by openimg of shear cracks in the top strut and the for-ntion
of a mechanism in the bottom strut. Beams 2-16-4, 15-12-6 and 16-12- 6
failed in the former manner while beams 5-16-4 and 11-16-4-P failed 1in

the latter way.

Beam 2-16-4 failed when the shear reached 24.5 kips at 85

¢
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percgnt ot the tlexural cupuclty: Fallure occurred as existing cracks

fn the top and bottom struts ovpened. In the top strut, the crltlz.l
crack was a web shear crack which started near the middle of the strut
nnd‘sloped toward the Jvad at an angle less than 45°. The yteld strain
was reached in the stru; shear reinforcement before failure. The

‘falfure crack_ln the bottom strut was a flexure-shear crack at npproxi—
mately 45°. No ylelding of the bottom strut stirrups was r;corded

prior to failure,

v

Beams 15-12-6 and 16-12-6 failed at shears of 19 kips and
24 kips, respectively, at 81 and 103 percent of'theo;etical flexursl
capacity. These two beams were idéntical except that beam 15-12-6 had
no strut, shear reinforcement while beam 16-12-5 had No. 2 stirrups
spaced at 4.0 iéches. Both of these beams had two holes in each shear
span and.;he failures were throﬁgh the struts of hole 2. "The critical
shear cracks in both the top and botfon struts were in the same
locations on the critical struts as those of beam 2-16-4. Beam 15-12-6
had no strut shear reinforctment, therefore, it failed at the load at
which the web shear crack appeared. Beam 16-12-6 did have strut shear
reinforcement which picked up load quickly after the formation of the
web shear crack, and increased the beam's capacity to beyond the
theoretical flexural capacity. As the shear failure occurred, there
was A violent releage of energy which 1:9 to a web flange separation

.

and a compression failure of the .top strut in the pure moment region

8 feet from the shear failure.

- Beams 5-16-4 and 11-16-4-P which formed the second get had

~

}
[ 4



the same critical web shear crack (n (ﬁo top mtrut as th other beam
but the bottom wtruts talled {n dittferent ways. Heanm S—l‘LA failed
when the shear was 20.5 kips or at /2 percent of the theoretical
tlexural capacity. Both legs of the center stirrup of the top ;trut
were ruptured after failure. The bottom strut of this beam had its
shear capacity reduced by the fnsertion of four metal plates in the
strut but as seen from the cracking pattern, some shear was carried

by dowel action and friction aaross the metal plates. The final shape
of thh bottom strut suggests a rotarlon at both' ends similar to a
strut flexure mechanism. Beam 11-16-4-P failed when the shear reached
29 kips or 78 percent of the theoretical flexural cnpa}lty. This beam
ha"parallelogram shaped openings and sloped stirrups. The failure of

the top strut was similar ¢o.the faflurea of )\e other beams though

.

the strain in the stirrups was slightly less for the same load. the
critical web shear crack appeared in the top strut at a load of 26}k1ps
and opened considerably at failure. Aouever. the bottom strut did not
fail in shear but a hinge formed at the load end about which the beam

rotated causing concrete crushing at the top and opening a large

crack along the post reinforcement.

The moment deflection curves for beams failing in strut shear

were much like those of similar beams failing in flexure up to the
]

~ultimate loads of those failing in strut shear. For beams 2-16-4,
»
5-16-4 and 11-16-4-P, there were no similar beams because of differences
in span length and flexural reinforcement. The deflection of beams

' 2-16-4 and 5-16-4 was larger than those of the beamg which failed in
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flexure because these two beams had less flexural reinforcement and
. B ) ,.’ . . .
longer spans. Beam 11-16-4-P also had larger deflection because of
the longer span. These three beams all had very similar moment-

deflection curves up to a moment of 720 in-kips with the deflection of
5-16-4 slightlv larger because of the reduced shear capacity of the
‘bottom strut. Aiimo;ents above 720 in-kips the slope, though not as
stgep, was constant to the maximymdeflection for beams 2-16-4 and 5-16-4
of 2.4 inches and 1.79 inches, respectively. The slope of the moment-
deflection curve for beam l11-16-4-P remained small to a moment oOf 864

in-kips above which the slope though not as steep was constant to a

mnaximum deflection of 2.32 inches.

The méjor change in slope for the three beams above occurred
at the load at which the flexural cracks completely cut the bottom
strut in the pure moment region. The final flexural crack had little

effect on the beam response.

- For beams 15-12-6 and 16-12-6, there are‘exact comparisons
as beam 12-16-6~P and 14-12-6 had the same loading (6 foot shear spans),
and the same clear span (20 feet) and flexural reinforcement (5 strands
The moment-deflection curves for these beams were almost identical. The
slopes are linear up to a moméht of 720 in-kips when flexural cracking
occurred and increased Slowly to a moment of 936 in-kips when the
cracks extenged completely through the bottom struts in the puLe moment
région. Above 936 in-kips the moment-deflection curve was relatively
linear to a moment of 1296 in-kips as the cracks indicated the neutral

axis was within the top strut. The maximum deflection of beam 15-12-6



was 2.16 inches at 81 percent of the theoretical ultimate flexural

. .
capacity while the deflection of 16-12-6 reached 7.76 inches at 103
percent of the theoretical flekxural capacity, only slightly less than

the maximum deflection of beams which failed in flexure.

The moment strain dlagrams for the prestressing steel had

x

the same shape as the mément-deflection curves. Gages at location 1
and 2 in the ;Lre moment region for all the beams failing in strut
shear and }lexure *h similar flexural reinforcement indicated

similar strains for the same applied momer~- : momeﬂg strain diagram
for gage 2 in beam 2-16-4 was the only e. ‘ secause the supple-
mentary reinforcement in this beam continue. icet beyond gage 2

;

whereas in all the other beams of this series the strut flezc}al rein-

PRy

forcement was terminated at gage 2, that is, below thg“first hole in

Py

the pure moment regions. The gages in the shear spans-vé;e‘les§ con-
sistent than those in the pure moment region due most likely to
Jifferences in cracking patterns. For beams with- 4 foot shear spans
(2-16-4, 5-16-4 andtlr—lb—A-P), the strains at'éage 4 in the shear

(]
span were greater than those of similar beams which failed in flexure

a
L

*because ghe areas of the supplemental }ongitudinal reinforcement in
the beams failing in flexure were larger. For the beams failing 'in
strut shear, the strains at gage 4 for some stages of loading were
greater than the strain in the pure moment region. For beams failling
in strut shear with 6 foot shear spans, gages 3 and 4 indicated less
strain than those in the pure moment region for tbe same moment but

more than for similar gages in beams with similar flexural reinforcement



and loading which failed in flexure.

The long stirrups in the posts and solid shear spans of the
‘beams faiiing in strut shear” behaved in a manner similar to those of
beams which failed.in flexure. The post and’solid shear of all the
beams which failed in strut shear were reinforced with douhle-legged
No. 3 stirrups seét verticall& except in beam 11-16-4-P wh;re they were
inaiinéd at 45°. Thrée stirrups were placed 1n‘the posts in the shear
span and below the loads. .Gages were fmounted at gage location 5 only
in beams>15—12—6xand 16-12-6 of this group. Because of the large
post size and because the load was above pgst 2, the recorded strains
at gage 5 for'tﬁese two beams were less than 2 percent éf the yiéld
strain. 'All of the beams of this group had gages mountéd at gage
locé#ion 6 in post 1. This gage was below the lgad for the beams with
4 foot shegr spans.'win beams 2-16-4 and 5-16-4, the strain was swall
up to the post cracking load where there was 3 jumg:in the strain;
after the post cracked, the stfain inc}eased slowly to a ma*imum strain
less than 6§ peréent of the yield strain.r There was no post crack in
post 1 of beam 11—16-4—P passing thfough the gage. Tﬂerefore, the
maximum strain was small réaching only 34 percent of the yield strain.
Because beams 15-12-6 and 16-12-6 had 6 foot shear spans, post 1 and X
gage 6 were within the shear span. Thé load strain plots for t:;sé
beams indicated a small strain to post cracking when there was a jump
;n the strain after which the strain increased to failure. The load-

strain curves in beam 16-12-6 were more irregular than thése of beam

6-12-6. as there were two jumps; one as the post cracked below the

—
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the gage at a load of 11 kips, and the second as a crack ﬁassed above

t he gagg at 24 kips. Calculation of the aver;ge force in the stirrups.
to the last point on the load strain diagram (88 percent of the vield
strain), indicates the force in the stirrups was 1.71-and 1.34 times
the applled shear for beams 15-12-6 and 16-12-6, respectively. 'th
force in the post stirrup of beam 29- 19'6 which had the same post and

hole size, and which falled in post shear, was 1. 55 times the applied

shear force.

&

_In the solid shear spans the stirrups were spaced at 8 incnes
for all five beams of this group. Gage 7 mouﬁted on the first stirrup
of the solid shear span indicated the yield ‘strain was reached iﬁ three
of the beams (2-16-4, 11-16-4-P, and 16-12-6).  In all cases; the
stirrups were adequate as indicated by the cracking patterné whicﬂ
showed that in no case did»the shear cracks in the solid shear span
cross more than two stirrups or extend to the bottom of the beam. The.
strain in beams 5 16-4 and 15 12-6 remained below 75 percent of the
yield strain. The strain in beam 5-16-4 was [irregular-because of the
reduced shear capacity of the bottom strut. In beam 15-12-6, the

strain.was less than in most of the other beams with 6 foot shear spans.

2 .

The shear réngorcement provided in the struts of the beams
of this gropyp was not sufficient to prevent strut shear failures.
The strut shear reinforcement of beams 2-16-4, 11416-A—P aﬁd 16-12-6
consisied of closed.No. 2 sfirrups zn both the top and bottom struts

of the shear spans with spacings of 3.50, 3.50 and &;O inchgé, respec—

tively. The reinforcement was set vertically except in beam 11-16-4-P



where it\was 1nclined at 45°. Beam 5-16-4 which had the shear capacity
of the bottdg strut reduced had closed vertical No. 2 stirrups in the

top strut on}y spaced at 3.50 inches. Beam 15-12-6 had no strut shear

reinforcement. N

In the top struts, some of the gages in all of the beams
indicated yielding before strut failure,ocgurred. For the beams with
Qertical stirrups, thg_;trains were highesr in the second stirrup
from the load end of the strué (ggges 10 and 14) anﬁ for the hole with
the highest axial loads on the struts. For beam 11-16-4-P with inclined
stirrups, the stirrup closest to tné load'end of the strut (gaée 9)
was the first tn indicate'yielding. The behaviour of these critical
gages was similar for both lnadings, béing small up to the load at
whicH-a web shear crack appeareé'and increasing rapidly to‘yielé before
‘failure.‘ The rapid increase in strain after acking indicated the
inadequacy of the strut shear reinforcement ot these beams. The load-
strain curves for beam 11- 16-4-P with inclined stirrup indicated less
strain for a given load than the curves of the vertical stirrups. This
indicated their greater ability to resist shear. In the struts near
the failure, the stirrups behaved in a similar manner for both loadings. v
However, this was not the case for similar locations with different |
loading conditions. The strains above hole 1 for beam 16-12-6 were
much less than the strains in the stirrups above hoie 1 for the beams
with &4 foot shear Qpans. Beam 15412-6 with no srrut-qheaf reinforce-

ment was identical to beams 16-12-6 and 14-12-6 except that 16-12-6.

had strut shear reinforcement and 14-12-6 had incliged post reinforce-
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ment. Beam 15-12-6 failed at 19 kips which {s the same load at which a
web shear créck'appeared in beam.16;12—6. However, beam 16-12-6
continued to carry load to 24 kips showing the value of strut shear
reinforcement. Beam 14—12—6 which failed in flexure had no strut shear
reinforcement either but, because thé sloped stirrups in the posts
arrested the shear cracks, this beam carried a maximum shear of 25

kips before failing. < : ,

j

Only three beams of this group had bottom strut shear rein-
forcement. Th; gages on these stirrups indicated that there was little
difference in the behaviour of the rginforcement due to different load-
ing and a small difference due to inclination. The general behaviour
for beams with vertical stirthps was néarly the same for both 4 and 6
f&ot shear spans. The strain increased in compression to about 11 kips
‘after which the strain increased in tension to féilure.'ln no ca;e was
the yield strain-reached, indicating a reserve shear capacity in the
bottom s{rgé. AIn beams:with 6 foot shear.spans, the strgins were 23
percent higher at hple 1 than at hole 2 yei"fﬁe failure occurred
through héle 2. The ‘gages on tﬁe inclined stirrups of beap 11-16-4-P
indicated the strain was greateést in ﬁhe center gtirrup at gage 23.
Thié strain vas-twi;e aé 1grge as tﬁe’na;imum recorded strains at gage
Olocétioﬁs Zl'and 22. Tﬁé shape of the loadiéfréin curves for all the
Bottom strut étirrups of beam 11-16-4~P had similar_shapgs‘increa81ng
in tension slowly to a load”of abﬁut 10 kips after which ‘the sﬁrain

increased more rapidly ¢o failure.

From the strain measurements taken on the strut shear rein-
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_ forcement for all 30 beams tested some general obsgrvation'can be made.
The strut st{rrups,with the highest ftrains were generally those above
and below the hole where the sgtrut axléi 1oadi‘bere highest, that is,
where the beam moment was the highest. The gage along the length of
the strut with the highést strain was usually the nearest to the loga
in the top strut and néhf the strut centerline in the bottom strut.
The locétion of the failure éannot be absolutely determined,*but it is
clear that the strut shear reinforcement prevenéed'the strut shear
failure of over 8Q percent of the beams of this series. Further, none’
of the geams with their shear proportioned by shear areas and‘sérut
shear reinforcement designed by section 11.4:} of the ACI Code (1)
considefing strut axial loads due to beam moments and proportioning
the sﬂe;t by shear areas failed in strut shear. Though in‘somé cases
the maximum spacing and the maximum.allowablé shear stresg Qpecified

in section 11.6.4 to prevent concrete crushing were exceeded, no concrete

crushing was noted along the shear cracks.

There were no gages on the strut flexural reinforcement of
the beams-which failed in strut shear. Strut flexure cracking 1is
evident in the photograﬁhs but the strut flexure reinforcement was

adequate to resist the applied loads.

5.3.4 Beams Failing in Strut Flexure .

Strut flexural failure ideally is a failure in which both
ends of both struts above and below a hole fail in flexure yieldiﬁg

the reinforcement and trushing the concrete. This forms a strut flexure

o
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mechandsm over one opening with hinges at both ends of the struts. This
definition is rathgr ideal and assumes sufficient rptational capacity

is available for the formation of all four hinges. However, in some
cases, after the formation of ome hinge there is a sufficient change in

. B !“.‘_’r
the concrete sections to cause failure before all four of the hinges

have developed.

o
G

Strut flexural failure is generally undesireable in that the
flexural capacity of the beam is not reached. There was, though,
visiblemw#rning of this type of failure4in the spalling of the concrete
as the hinges were forhingﬂ Strut flexural failumes are generally

associated with long holes. . However, in beams with shorter holes, the

%nchorage of the strut flexural reinforcement becomes more difficult.

™ " The forces acting on the struts of the shear spans which lead

©

to strut flexural failures are shear axial load and strut uome@ts. The

c

critical factors affecting thesé forces and the strut flexural capacity

of a beam are the distribution of the shear to the top and bottom

_struts and the location of inflection points along the strut lehgﬁh.

The distribution of the shear was discussed in the previous section

(section’5.3,3); Several approaches have been used to locate the

inflection points in the struts but the conclusion wa: <ame: for
;esign it is sufficieﬁtly accurate to assure the inf': ‘nt at
the strut centerline ags is done in the ﬂinplified Vf SR ]
analysis. Nasser et al (8) calculated the locationw ne 4tion
points from the deflected sha;e of the struts and fr{ :e st;aihs

at the quarter points of the strut. They found the point of inflection



‘could be 0.10 of tivre hole length on either side of the strut centerline
for their long symmetrically reinforced struts (1.3 to 2.6 times the

beam depth). Hanson (5) measured the concrete strains aloﬁg the length

o o

of the compressive struts of his joists in negative bending and
soncluded the inflection point was at.the‘strut centerline. Ramey and
Tattershall (10) using a finite element analysis found that the point
of inflection was within 0.10 of the hole length to the strut center-
line for beams having holes with a height of 0.50, the height of the
beam, and located at the centroid. All of these tests suggested the
simplified Vierendeel truss analysis with its assumption of inflection

points at the strut centerline is adequate.

The shear carried by each strut acting at the inflection
points produce the strut moments. Thes; strut moments act in the same
direction at either end of the struts. Therefore, the stresses at any
given level change from tension to compression in the length of the
étrut or across a post in the shear span. Because of this, the bond

stresses achoring the strut flexural reinforcement are high.

The relationships among the strut forces, the beam parameters,
and the strut flexural capacity indicated that the strut flexural rein-
forcement and the hole length were the major factors with the other

L] ’

pérameters having a much smaller influence on the strut flexural

behaviour. .

The reinforcement in the region around the holes was the

prime variable of this series. The strut fléxufal reinforcement placed



in the struts ot the sticar spans had a great influence in the strut

—

~ .
tlexural capactltv. lncreasing the area ot the strut flexural reinforce-
ment increased the capacity ot the heam. This was evident in studying

the failure loads and reinforcement of beams which failed in strut
flexure and other‘mbdes. The tailu?e loads of beams 20-26-5 and
22-26-5 with 1.10 in2 of supplémental longitud;nal reinforcement was
22 kips, while beam 21- 26-5 with 2.50 in2 of supplemental.longitudinal
reinforcement fatled at a load of 29 kips. All three of these beam;
failed in strut flexure. fhis comparison is also true for beams
25-16-6 and 17-16-4 which failed in_S.F. with lighter reinforcement
than beams 19-16-6 and 18—ib-é, respectively, thch failed in flexure.
There was onl} one case in which increasing the area of the strut
tlexural reinforcement did not increase the beam’capacitv. Beam 26-21-7
had lighter strut flexural reinforcement but failed at a higher load
than beam 30—21—7. However, beam 30-21-7 also had lighter post rein-
forcemens and failed in post shear. Increasing the "area of the‘étrut
?1exural.reinforcement by increasing the bar size;increased the bond

stresses and the possibility of slip in the reinforcement.
[e]

Uhfie‘the strut shear reinforcement was adequate to prevent
strut shear failure, it had little influence on the strut flexural
hehaviour. Decreasing the spacing did not increase'the capacity. The
presence-of stirrups in excess of those required to c;;ry the shear

should, however, prevent the longitudindl splitting associated with

bond failure.

The post reinforcement had little effect on the strut flexural
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behaviour as long as It was sutticient to prevent post shear tailure
wiiich drastically increases the etfective hole length causing a strut

tlexural faflure over two openings.

Fhe shear reinforcement in the solid shear spans also had
to be sufficient to prevent elongation of the hole by splitting along

the strut flexural reinforcement.

Beam geometry including hole iength and shape and post length
aftfected the strut tlexural behaviour. Hole or strut length was the
most ‘important geowet:ic parameter. As the hole length increased, the
strut moments increased. This was e€mphasized by the observation that
no strut flexuralAfailures'occurted in the beams with the shortest
holes (12 inches long), and all.of the beams with tﬁe longest holes
(26 inches l?pg), had strut flexural failures. The sﬂape of the
opgning influenced the strut length or at least the effective” strut
length. For rectangular holes with tounded corners of the proportions
used in this éeries, the effeétive strut length was the maximum hori—»
zontal'longitudinal dimension of the-hole. For openings shaped
diforently, such as parallelogram or circular, the effective hole
length vés not the maximum horizontal longitudinal dimension but
something less. Thé effective hole léngth for various shaped openings
was not ; major factor in this test series. However, in Redwood's
paper '"Design of Steel Beams with Web Openings' (11) some solutions

to this problem are discussed for steel beams.

.

The post size had only a limited effect on the strut flexural
behaviour. Larger posts reduced the tendency to form a strut flexural

~
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mechanism  over two openings and provided a greater length for the

anchorage of the strut flexural reinforcement.

The loading conditions were varied to place different demands
i .
on the reinforcement in the region around the holes in the shear spans.
&
Strut flexural failures occurred in beams with four of the five

{

different loading arrangements in this series.

Higher flexural capacity, like shorter shear spans, producea
greater demands on the reinforce?entotn the shear spans. Increasing
the flexural capacity, as was done in this serles by increasing the
number of prestressing strands, also increased the strut flexural
capacity of the bottom strut. This capacity was increased in twowways:
(1) by reducing the tension in the concrete and the mild steel rein-

forcement of the bottom strut and (ii) by increasing the area of strut

flexural reinforcement in the bottom strut.

The failures of all of the beams failing in strut flexure
were characterized by two occurrences: (i) yielding of the reinforce-
ment, and (i1) crushing of the concrete at the bottom of the top strut
near the reaction end, above the hole with the highest axial loads.

As discussed below, thes% two events occurred priorvto failure in each

of the beams.

Beams 20-26-5 and 22-26-5 had ideal strut flexural failures.
with hinges forming at all four locations. The first hinge formed at
a load of 19 kips-with concrete crushing at the bottom of the top

strut near the reaction of both beams. At a load of 22 kips or 79
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percent of the theoretical tlexural capacity tailure occurred as the

srrut tlexural mechanisms were completed f:hbblh beams .

Beam 21-26-5 with thé same geometry‘but much heavier strut
flexural reinforcement than beam 20-26-5 ana 22-26-5 tailed at an
_apélied shear of 29 kips or 104 percent of the theoretical flexural
capacity. For this beam, the first signs of the formation of a strug
flexural mechanism occurred at a load of 26 kips as concrete spalling
was observed at the bottom of both the top and'bottom struts near the

reaction. At the failure load, shear cracks opened .in the top strut

near the load and the strut buckled aovnwards.

In beams 17-16-4 and 25-16-6, the concrete spalling from
the formation of the first hinge caused a sufficient reduction in the
concrete suction resisting shear that a large shear érack opened
causing. failure. The ultimate load on beam 17-16-4 was 31 kips or 89
percent of the theoretical flexural capacity. For beam 25-16-6, the
ultimate load was 22 kips or 94 percent of the theoretical flexural

éhpacityl

<
Beam 26-21-7 failed at a load of ZOikips or 100 percent of
the theoreticél flexural capacity. The first concrete crpshing was
noted at a load of 19 kips as a hinge developed at the reagtion end
.
of the top strut above hole 2. After the failure load had been dbplied
for several minutes, the load started dropping off as two more hinges

formed in the top strut of hole 2. The load was then removed and

pictures were taken. Upon reloading to 19 kips, concrete crushing at
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the load end ot the rop strut tontinued unchecked and the sbeam could

ne longer carry load.

The concréte strains at the beam centerline tor the beams

-
y

tallipng in strut flexure were similar té those of beams failing in
tlexure and indicated that the strain distribution was reasonably
linear throyghoyt the depth of the section. Beams 21-26-5 and 26-21-7,
which reached their theoretical flexural capacity, had th: highest
recorded compressive strains in the concrete at aver 0.0030 in per in
and the strain distribution indicated the neutral axis was within the
top strut. In the other beams in which failure occurred below thg
theoretical flexural capacity, the maximum recorded strain in the

concrete was between 0.0011 and 0.0016 and the strain distribution

indlcated the neutral axis was between 3 and 12 inches from the top of

v

the beam. ) .

The moment-deflection curves for the beams which failed in
strut flexure are very similar to those of be;ms failing in flexure
with the same span length. The largest differences were found in beams
20-26-5 and 22-26-5 which had the longest holes and relatively light

strut flexural reinforcement.
~

The -onent-éeflection curve for beam 17-16-4 follows the path

of 18—16—6.'23—f6-4, 27-16-4 and 28-16-4 which all failed in flexure
and had heaviér strut flexural reimforcement up to a moment of 1344

.

in-kips at which time ¢oncrete spalling was observed in the top strut

of beam 17-16-4. Above this load, the deflections “increased more

e
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rapidly than In the beams failing in .flexure, up to the ultimate load
‘it which time the deflection was 2.75 inches., VFor beams 20—26;§,
24226-5 and 22-26-5 there was no direct comparison beé;ﬁse all of the
beams with 5 foot shear spans talled in strut flexure. The deflections
of these beams were slightlyv larger than those of beams failing in
fleiure with both 4 and 6 toot shear spans. The moment deflection
curves for these beams were linear to a moment about 600 in-kips at
which time there Qere flexural cracks in the pure moment region of each
of thé beams. The slope aof the curves above this load de .reased very
'Hslowly to a moment of 900 in-kips at which time flexural crdcks passed
completely througﬁ the bottom struts. Above 900 in-kips the slope
decreased more rapidly and beams 20-26-5 and 22-26-5 with lighter strut
flexural reinforcement gppeafed to be less stiff than beam 21-26-5.

For beams 20-26-5 and 22-26-5 above a moment of 900 in-kips, the
deflection increased rapidly to a maximum of 2.13 and 2.21 inches,

EY
respectively. For beam 21-26-5, the deflection increased less rapidly

:nd followed the moment deflection curves of beams with 4 and 6 foot
shéér spans which failed in flexure up to the ultimate load wheﬁ the
deflection reached 5.19 inches. The moment deflection curve for beam
25—1@—6 followed the same‘path as beams 19-16—-6 and 24-16-6 which
\

failed in flexure and had the same flexural reinforeement in the pure
moment region and span length though thé strut flexural reinforgement
in the shear spans was lighter 1n:beam 25-16-6. There was no direct
comparison for beams 26-21-7 because none of the beams with the same

loading failed in flexure. The moment defléction curve for this beam

was, however, very similar to those of beams 19-16-6 and 24-16-6 which
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failed in flexure. fThe daflections of beam 26-21-7- at moments below
1400 in-kips were 1arger,‘and above 1400 in-kips were(smaller than those
of the beams which failed in flexure. The slope of the moment deflec-
tion curve was linear to a moment of 672 in-kips when flexural cracks
appeared just\outside the pure moment regign. The slope at higher

loads increased slowly to a moment of 1512 in-kips after which the®

deflections increased more rapidly to failure reaching ,6 inches.

The moment-strain curves for the prestressing strand at

‘various locations along the length of the beam all had the same shape

as the moment deflection curvés. In the pure moment region at gage 1

the behaviour of all of the beams failing in strut flexure and all
.cher beams with five prestressing strands were véry similar, bein%
linear up to the flexural cr;cking load with the slope at higher loads
decreasing to failure. In the shear spans at gage locations 3 and 4,
the strain was less than in the pure moment region and varied with
the number of holes in the shear span and the area of'the ﬁupplemental
longitudinal reinforcement. Beams 25-16-6 and 26-21-7 had\two openings
in each shear span. Though the strains in both these beams decreased
towards the s -5, the strains in beam 25416—6 were much larger
because of the lighter supplemental longitudinal reinforcement. Beams
17-16-4, 20-26-5, 21—26—;, and 22—26—5 all had one hole in the shear
spans. Gage 4 at the centerline of this hg}e indicated the strain

was smaller in beam 21-26-5 which had No. 5 bars as supplemental

longitudinal reinforcement, than in the other beams which had No. 3 bars.

The posts below the loads and within the shear spans of the
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beams which failed in struft flexure weré reinforced by four vertical
double-legged No.: 3 stirrups; beams 25-16-6 and 26-21-7. also had four
doublé-legged closed horizontal stirrups in the posts within the shear
spans. Gages 5 and 6 on the veftical stirrﬁps of posts 2 and 1,
respectively, and gage 41 on the horizontal ;tirrups indicated:in all
cases the stirrups were adequate to resist the applied loads as the
yield strain was not reached. The gages on the stirrups in the posts
below tﬁe loads, gage 5 in beams 25-16-6 ahq.26—21f7 and gage 6 in
‘beams 17—1674) 20-26-5, 21-26-5 and 22-26-5 indicated small strains
less than 0.001 in. Post 1 and gége 6 in beams'25—1676 and 26-21-7
were completely within the shear spans and, therefore, the stra;ns
were much larger. The load strain curves for gagel6 in thesevbeams
were very similar to that of beam l9—i6—6 which had similar post rein-
forcément but failed in flexure. For beam 25-21-6, the average force
in the vertical stirrﬁps for the last load increment was 1.83 kipé per
kip shear compared to 2.51 kips per kip shear for the other beams. which
failed in posf shear with the -same geometry. For beam 26-21-7, the
axial force in the stirrué was 2.44 kips per kip shéar coﬁpared to 2.42
kips per kip éheAr for beam 30-21-7 thch failéd in post shear. The
average force in the horizontal stirrups calculated from ﬁhe strain in
gage 41 was 1.01§!§ 1.29 kips per kip shear for beams 25-16-6 and

26-21-7, respectivély.

The solid shear spans of the _beams failing in strut flexure
were reinforced with vertical double legged No. 2 or 3 stirrups in

different arrangements. Beams 17-16-4, 20-26-5, 21-26-5 and 22~26-5
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had two No. 3 bars beside the hole ana then No. 3} bars at 15 inches.
Beams 25-16-6 and 26-21-7 had two No. 3 bars beside the hole and then

No. 2 bars with spacings @f 6 to 15 inches. The vield strain was
reached at gage 7 in beams 20-26-5, 21-26-5 and 22-26-5 and at gage

v v ‘

8 in beam 17-16-4 but the cracks in no case opened greatly or reached

e

the bottom of the beam.

The shear reinforcement in the struts above and below the
holes in the shear spaps of these beams was sufficient to cause gtrut
flexural failures. The spacing of the closed ve;tical No. 2 ;tirrups
varied from 1.50 to 2.75 inches in the top strut and from 1.50 to 2,75
inches in the bottom struts. The shear reinforcement of élllof‘these
beams was designed by section 11.4.3 of the ACI Codé (1) with the
shear proportioned to the top and bottom struts by shear area idcludiﬁg
the chamfers and part of the fl' An exceptfon was beam 22_-26-5 in
wﬁich the shear ;as‘proportioned byighe gross concrete area. This led
to closgr stirrup sj;cing in the top s;ruts and ionger spacing in the

‘“bottom struts of beam 22-26-5 than in beam 26—26~5 which was cher;ise
the same.' Though there weré more sheér cracks aﬁd the recorded
strains were larger with the larger spacings, both beams failed by
the same strut flexural mechanism at the same lgad. The gages on the
strut shear reinforcement whiéh recorded the highest sgrains were at
the centerline of the bottoﬁ strut and on the first sEirrup near the
load in the top strut, with one éxception, beam 17-16-4 whefé the

critical gage in the‘top strut was at the strut centerline. The yield

strain was reached in the strut shear reinforcement of three of the



226.

beams: 1in beam 21-26-5 in both top and bottom struts, in beam 22-26-5
in the bottom strut, and in beam 25-21-7 in the Eop strut,
The struts in the shear spans of the beams failing in strut
. ) . o :
flexure were reinforced with supplementary longitudinal feinforcement
for both negative and positive bendings The behaviour of the rein-

forcehent_brings to light information concerning mechanism formation

and high bond stresses.

Three different reinforcing'atrangemenis were used in the
struts of the beams of this ‘group (beams failing in strut flexure).
Beams 17—16—4, 20—26-5, 22-26-5 and 26~-21-7 h;d ten No. 3 bars, 6 in
the top strut and 4 in éﬁé bottom strut. In the top strut, 4 Barﬁ
were placed at the top and 2 at the bottom, all running the full length
of the beam. In the bottom strut, 2 bars were placed in the top and
bottom of the struts. The supplemental longitudinal reinforcement in
the bottom strut extended from the wends of the beams to the centetline
of the first hole;in the pure moment region except,in beam 26-21-7
where they were‘cut off l.O’feet beyond hole 2 towards the beam center-
line apd 1.3 feet beyond hole 1 towards the support. Beams 21-26-5
and 25-16-6 each had unique strut flexura% reinforcing ar;angemencs.
Beam 21-26-5 had four No. 3 barsxrunning the full length in the top
of the top strut and two No. 5 ba}s were placed at the bottom In the
bottom strut, two No. 5 bars were placed at the” top and bottom of the

‘struts. All the No, 5 bars in both top and bottom struts extended

from the end of the beam to the centerline of tiole 2 in the pure moment

region. Beam 25-16-6 had ten No. 2 bars as suéplemental longitudinal
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teinforcement‘in the same horizontal loéationé discussed aﬁove. ‘The .
bars in the top strut ran the full length of the beam. In the bottom

struts the bars were cut off 1.3 feet beyond hole 1 towards the support

and beyond hole 2 towards the beam centerline.

"Electrical resistance strain gages were mou?ted on the strut
flexu;al reinforcement of all the beams of  this grouﬁ:"Beams 1741644,
20-26;5, 21-26-5 and 22-26-5 had gages mounted in thé tenston and

compression zones at both ends of the top and bottom stru

. . BN
25-16-6 and 26-21-7 had gages mounted on the bottom reinfor

the top strut at both ends of each of the two holes in the she

while gages were placed only in the stfut flexural tension zones

the bottom struts.

The load éttain,plots for these gages indicated fhat the
gages in the bottom of the top strut, and ;n'the strut moment tension
zones in the bottom strut were critical (had the highest strains and
yielded before failure). -The strains were higher in the strﬁts with
larger axial loads. . Gages in the other noﬁcriﬁical Lbcations reacﬁed

the yield strain only in beam 22-26—5; ,

f

The noncritical gages were locatsd on the top bgrs in the top
strut and in the strut flexural cdmpression»zones of the bottom struts.
The strain in the reinforcement in'tﬁe fop of the top sfrut near the
load increased slowly in compression to near éhe ultimate load but as
tﬁe_neutral axis moved upward above the bars, thé gages inditated a

small tensile strain. At the reaction end of top reinforcement in the



top strut, In the tension zone of the “strut moments, the strafn gages
indicgted a.small qompressive strain at early stages of loading but
" showed tensile strain at higher loads and téached the yield strain in
beam 22-26:5. The reinforcement in the strut flexural compression

v

zone of the bottom struts was at the top of the strut near the load

o

and at the bottom near the reaction. The gages at these locations

régistered compressive strains during the early stages of loading.

- At higher loads, however, as the axial tension in the struts increased,

the compression zone was reduced to an area of concrete beyond the
reinforcement and the strain increased in. tension. Beam 22-26-5 was
an exception with the gage at this locationvindicating a compressive

strain to failufe,~and reached the yield strain.

The critical gages all indicated that the yield strain had
been reached beforevfailufe. The first gages on the strut flexural
gginforcement to indicate ylelding were in the bottom of the bottom
stfut nearest the load wherg bofh the beam mohents and strut mpmenﬁs
ptbduce tension; For beams with two holes in the.shear spans, this
was gage 34. The load-strain’plots for this gage were linear. .8
load of 8 kips with the slope at higher loads decrgasing to ‘re
However; even beyond yielding the slope';emained greater than zero.
The strains were slightly smaller for beaﬁ 25-16-6 than for 26-21-7
which had 1arger holes. The strains were also smaller at the c;rres—
ponding location in hole 1 (gage 28) where the beam moment is smaller.

For the beams with one hole in the shear span, the first gage to

indicate that the yield strain had been reached was gage 38. The load



strain curve for this gage in beam 17-16-4 was linear to a load'bf 8
kips; from 8 to 16 kips the strain rate increased gradually and was
again linear betweﬁ: 16 and 25 kips reaching the yield strain at a load
of 19 kips, apove a load of 25 kips, the recorded ?trains were irregular.
For beams“20-26—5, 21—56-5 and\32—26-§ the load strain curves for gage
38 were nonliéear to a load of 10 kips having a slowlydincreasing rate
of strain. At loads above 10 kips, the -strain increased in a linear
manner to beyond the load at which the reinforcement y;elded.v The load
strain curves for these three beéams all fall below that of béam 17—16—6.
The strains in beams 20-26-5 and 22-26-5 were almost.exactly the same
for any given loading and in both beams, gage'38'reached the vield
strain at a load of 13 kips. The strain in beam 21-26-5 was less than
in beams 20-26-5 and 22-26-5 because of the heavier strut flexure
reinforcement. Gage 38 in this beam reached the yield strain at a
load of 17 kips. The second gage on the strut flexural reinforcement
of the beams of this group to reach the yield strain was also in the
bottom strut, at the top of the strut near the reaction end of the

hole with thé highest #*ial loads. For the beams with one or two holes
in the sheaféspans, the load'strain curves for the gages-at the bottonm
near the load are parallel to those of ;he gages at the top near the *
reaction. ‘The strains are slightly smallervnear the reactions because
of the éccentricity of the prestressing strands in the bottom strut
‘(0.25 inches above the centroid of the bottom strut). The third and
fourth gageé to ihdicaté yielding in the supplemental longitudinal
reinforcement of the holes with higher axial loads were ai the bottom

of the top strut in either the tension zone near the load or in the

-
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compression zone near.the reaction. The reinforcement {n the compression
zqhe was the third to yield in beams 17-16-4, 21-26-5 and 25-16-6 and
the fourth to yield in beams 20;26—5, 22-26-5 and 26-21-7. The order

of rehching yield in the strut fle;ure tension zone is the"opposite to
that aescribed above. The behaviour of the reinforcement in the tension
zone at the bottom of the top strut as shown by the load strain curves
for gages 26 and 30, was similar for all beams of this group. The

slope éf the load-strain curves decreased to failure with a few
irregularities after the reinforcement had reached the yield strain.

The reinforcement at gage 30 reachea the yield strain only in beams with
1 hole in each shear spaﬁ. The strain at any given load at gage 30 for
the four beams, with one hole in the shear spans, was least in beam
17-16-4 and greatest in beam 22-26-5. The lodd strain curve for 21-26-5
fell just below that of 17-16-4 and that of 20~26-5 was just above that
of 22-26-5. In the compression zone at the bottom of the top strut
‘"near the reaction end of t;e struts ;ﬁth the higher axial loads, gage

28 or 32 reached the yield strain ‘in compression before failure.; The
load strain curves £or these gages had increaéing rates of compressive

strain to failure and maximum strains well beyond the yield strain

reaching a maximum of ten times the yield strain in beam 17-16-4.

Strut flexural fzilures as shown in the cragking patternms
of beams 20-26-5 and 22-26-5 were the result of the formations of four
- plastic hinges, one at each end of both top and bottom struts. The
formation of these-hinges was confirmed by the yielding of the rein-

forcement as indicated by the strain gages.of visually by crushing in
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the concrete., Yielding of the strut flexuralireinforcement in the top
strut gave a good indication of the load at which hinges form in the
top strut, Yielding‘of the supple;ental longitudinal reinforcement in
‘the bottom strut wgg not a good indication because of tge pres(ﬁce of
the high strength prestressing strands which picked up additional load
after the mild steel had yiélded and prevented plastic rotation of the
joints in the bottom strut. The first visible sign of hinge formation
in all six beams which failed in strut flexure was spalling of the
concrete from the.bottom of the top strﬁt near the reaction. This
concrete érushing occurred at loads between 0.86 and 1.00 of the
ultimate load. In the four beams in which all four hinges did not
form before failure, the chénging properties of the concrete cross-

section in the top strut due to the crushing of the concrete at one

or more of the hinge locations led to failure.

A reasonabléﬂpredtctionvgf the strut flexural capacity was
obtained by calculating.the load‘ugg;hich'the‘first hinge was formed.
This was done by stuming:

1. The shéar is distributed to the top and bottom struts according
to shear areas, including the chamfers and part of the flange.

2. The inflection points are located at the strut centerlines.

3. The axial force, in the top strut acts through its centroid, and
in the botfom strut through the ‘centrold of the tension reinforce-
ment and is equal to the beam moment at thé strut centerline
divided hy the distance between the forQ:Q and calculating:

a) The axial load-moment interaction diagrams for each hinge

location, ¢
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b) The axial load moment relationship for each strut,

¢) The lowest load at which the two curves above cross.
Uéing this procedure the capacity of the beams failing in strut failure
was conservatively predicted. The actual ultimate capacity was between

1.35 and 1.14 with ‘an average of 1.27 of the calculated capacity.

As.the strut flexural mechanisms form, the stresses at any
level change from tension at one end of tﬁe strutyto compression at the
bther, ﬁlacing'high demands on -the bond between the longitudinal
reinforcement and the concrete, The change in stresé in the bottom
reintorcement of the top-strut was the largest for the strut configh—
ration used in this series. At this location, the stress changed from
yie}d in compression to yield in tension alomng the length of the strut
and across a post when there ;as more than one post in the shear span.
According to the provisions of the ACI 318-71 (1), the minimum post
and hole length }o develop yleld in tension and compression for No. 3,
4 or 5 bars is 15.5, 18.0 and 21.9 inches, respectivély. These limits
were exceeded only in the posts of beam 26-21-7 6f the beams failing
in strut flexure. ’However, there was some longitudinal splitting b
the concre§f andbsome irregularities in the load strain curves for the
longitudinal reinforcement that indicated some slip had occurred.
Longitudinal splitting was evident élong the ﬁottom reiﬁfofcement of
the top strut in beams 17-16-4, 21-26-5, 25-16-6 and 26-21-7. ‘There
were irregularities in the load strain curves for the longitudinal
reinforcement of all the beams of thisvgfpup.' These irregularities
were generally at loads above that at which yielding occurred and

indicated a reduced rate of strain increase.

to
.
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The strut flexural behaviout.of the beams which did not fail in
st}ut flexure indicated the strut flexural reinforcement provided was
adequate to resist the applied loads although there were signs of strut
flexural distress. This distress took the form of yiélding of the struyt
flexural reinforcement, longitudinal splitting along the strut flexure
reinforcement, and other signs of bond failure, and the formation of strut
flexural mechanisms over more than one opening. The first 16 beams cast
generally had eight No. 3 supplemental longitudinal reinforcing bars with
6 in the top strut and 2 in the bottom of the bottom strut. There were no
gages placed on the strut flexural reinforcement of these beams. From
the craq%ing and failure patterns of these beams, it can be seen that
only in beams where the posts in the shear spans failed did strut flexu-
ral mechanisms form and in these casés,the mechanism was over more than
one opening. There was some longitudinal splitting along :he bottom
reinforogment of the top strut indicating the presence of high bond
stresses. In the last 14 beamsvcast; the supplemental longitudinal
reinforcement consisted of 10 bars in each shear span. Si; of these
were pléced in the toé strut and four in the bottom strut. The top
layer of bars in the top strut generally consisted of four No. 3 bars;
in the remaining three layers, two No. 2, 3, 4 or 5 bars were used.
Electrical resistance strain gages were placed.on the strut flexural
reinforcement. at critical locations. Six of these 14 beams failed i;
flexure, two failed in post shear and the remaining six failed in strut
fiexure. The sttain géges mounted on the strut frexural reinforcement
of the beams with two openings in the shear spans indicated a sligﬁt

\ :

tendency towards the formation of a strug flexural mechanism over two

openings in the top strut with the, highest strains in the bottom of

°
2



the top strut in the tension sz nmv near the load of hole 2 and in the
compression zone at the bottom of the top strut at the reactiocn end of
hole 1. In the bottom strut, the gages indicated that the formation of
mechanisms proceeded independently in the struts below both holes. The
first vielding occurred at the bot;om of the bottom strut'nearest the
load. The gages in the other strut flexure tension zones of the bottom
strut indicated ylelding at successively h;gher loads towards the reac-
tion. The four beams which failed in flexure with 4 foot she%r spans
each had one 8 by 16 incg hole in each shear span and 1denti;al strut
flexural reinforcement; yet there were large differences in the recorded
strains in the strut flexural reinforcement of the top strut. The most
probable reason for the different behaviour was the extremely high bohd
stresses resulting from the use of No. 5 bars for strut flexura¥ rein-
forcement and the short lé inch holes. Though failure occurred at 1.17
times the calculated stru?t flexural capacity, only in beam 23-16-4 did
the strain gages indicate strains large enough to form a hinge at the
reaction end of the top strut. In the bottom §truts. the load strain

curves were very similar despite the differences in the strains in the

top struts.

5.4 Cracking and Deflection

The cracking patterns and deflections of the beams of this
series were independent of é failure mode; there were, however,
differences due to loading, gggn geometry and, to a small extent, the
reinforcement. The order in which the cracks appeared at various loca-

tions in each of the beams was similar for all of the beams and in each

of the tests, cracks appeared in the shear span before flexural cracks



appeared in the pure moment region. In some ot
cracks opened up and led to fui}ure.
greatly influence the beam behiviour

based on flexural cracking.
o

the beams tested,

these

However, these cracks did not

ot the beam up to the gervice load

At about the flexural cracking load, the-

centerline deflections for the beams of thi& series were greater than

the theoretical elastic detlections,

The cracking patterns and Table 4.1

indicated there was a
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general order in which cyacks appeared at various locations under applied

load. Prior to loading, there were cracks visible

force and c The general order

and shrinkage.

iloading cr{c

Q

due to the prestress

of appearance ot

r crack from the lower reaction end of the
closest to the reaction,
2. Corner track from the upper load end of the
hole clbsest to the load,
3., Strut flexure crack bottom aof the bottom strut
nearest to the,load, 5 P
4, Diagonal cracks in post 1,
S. Flexure crack in ‘the pure moment region,
6, Strut flexure crack at the top of the top strut
near the reaction. '
-,
As can bhe seen in uwhe above cracking order, several cracks

s

appeared in the shear spans'prior to flexural cracking'in the pure moment

region. These cracks did not greatly influence the behsviour of the

beams of this series up to the service load and would likely not

in less shear sensitive beams.

This was demonstrated by Ragan and

'appear

-

S

Warwaruk's (9) test of a full sized T-beam with large web openings which

¢



d no cracks. This beam with a 120

when loaded to the service load ha
. ff"§

ft. simply supported clear span and a‘height 6} 4 feet was loaded with

-
\

a uniformly distributed load. The ﬁoles wére 8 feet long and the height

.

of the holes varied from 23 to 8 1/2 inches.

a
At failure, the beams of -this series ha. several cracks in

" the pure moment region and in each shear span. The soli: shear spans
had two or three diagonal cracks which sts- d trom the edge of the
first hole and sloped downward towards tn:z support put only . two cases

(beams’ 24-16-6 and 28-16-4) did these cracrxs reach the »ottoz of the

-

beam. The bottom struts in the shear spans ".ad closely spaced shear and
[ Y -
flexural cracks. At the ends of the struts, tu¢ 11 -ks were vertical.

The slope of the cracks increased towards the center of the strut where

o

cracks were sloped at 45°. The top struts in the shear spans also had

shear and flexural cracks »ut they were more Cqmcentrated at the load?

ends of the struts. TIwenty-two of the beams of this series developed
flexural cracks at the reaction end of the top strut. This type of

crack appeared only above the hole nearest the reaction. In some beams

inclined web shear cracks appeared at the strﬁt centerline and in the
beams whi;h failed in strut shear it was the crack which opened,.?The top
struts also had somé longitudinal splitting alomg the strut‘flexural "
reinforcement due to the high bond stresses in?olved in énchoring this
‘reinforceﬁent. The posts in the shear span, both thosé cqngieteyyv

. Qithin the shear -span and those bgé@f th# load, were cut by a diagongl
.crack which extended from one cornér of the post to the other and
horizontal fLequal cracks. The o#ening of the diagonal cracks l;d to

. . o)
post shear failures in 9 of the beams of this series, however, the. .
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" line momemt was 714 in-kips.

237.

horizontal flexural cracks did not lead to any failures. In the pure
moment regions, flexural cracks extended from the bottom of the beam to

within 1 inch from the top and were spaced from 2 to 4 inches apart.

. The height of the flexural cracks at failure depended on the failure

moment. The crack width was generally largest at the cutoff of the
supplementary longitudinal reinforcement and there was some lsngitudi-
nal splitting in this region. This cracking at the cutoff of the
supplgmentary longitudinal suggests that the cutoff'should be staggered
and the strut shear reinforcement should continue into thé pure moment

region.

Eight beéms were tested with 4 foot shear spans. Seven of
these had 8 by 16 inch rectangular Héles spaced at 24 inches on center X
while the other beam had 8 by 16 inch parallelogram shaped openings. ®
The order of cracking in these beams was slightly different in that
post 1 cracked after flexural cracks appeared in the pure moment region
because ;he load was applied directly above post 1. Little difference
was notgd in the cfacking loads due to the-number of prestressiﬁg
strands; The hole geometry did affect the cracking ana for‘the beam
with parallelogram shaped openings the cracking loads at each location
were higher than for the beams with rectangular holes. The first crack
appeared at the lower corner of hole 1 near the reaction at an a?erage
shear of 7.0 kips corresponding to a moment of 336 in-kips. The first

flexural crack occurred at an average shear of 14.9 kips when the center=

*
&4

Lo (
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Three beams were tegted with 5 foot shear %pans, all of which

[
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" had 8 by 26 inch holes and 12 inch posts. The cracking loads associated

;ith.strut flexure were lower for these beams than- for the beams with
shorter holes. On the other hand, the post cracking load wasohigh“be—
cause of the.large post size-and the loading. The first cracks due to
the appﬁ{ed load appeared at the lower reactien end of hole 1 when the
shea;.reached an average 5.0 kips when the centerline moment wés'300'1n
kips. The firstzcrack in the pure moment region was wvisible at an

el

average shear of 10.3 kips corresponding to a centerline moment of 620

a

in kips.

o

Fifteen beame~were tested with 6 foot shear spans. All of
these”had two holes in each shear span and holes spaced at 24 inches,
éxcept for beam 24—16—6 which had only on;Juﬂe in each shear span.
Three different hole éeemetries were used in these fifteen, beams:

9 had 8 by 16 rectangular holes, " 4 had 8 by 12 inch rectangular hole$

-

and 2 beams had 8 by 16 'inch parallelogram shaped holes. The order in
which the cracks appeared was depedglent on geometry. For the beams
with 8 by 16 inch receangular shaped openings, the order of crack

appearance was the same as the general cracking order. while for beams
swith 8 by 12 inch holes, because of the, large posts, the post cracking

load was higher than the flex cracking load. For the beams with paral-

lelogxam shﬁped bpenings, post cracks occurred before any other cracks

"were visible. The first cracks appeared at an average shear of 6.7

kips corrésponding to a centerline moment of as; in kips. The flexdral

cracking load in the pure moment region was not affected by the hole

L .

geometry, howeve;, incfeasinqufg number of prescreesing strands did

9 -
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increase the flexural cracking load slightly. The flexural éracking
load for the four beams with four strands averaged 9.9 kips giving a
centerline mqment of 7ll-in kips while for the beams& with five ﬁirands
the avegage flexural craéking load was 10.6vkips coéresponding to a .
centerline moment of 763 in k;ps.' Strut £1¢xure cracks at the top of
the top‘sﬁfut ﬁear the reaction above Eole'l appeared in only 8 of.

the: liﬁﬁgq?jﬁlth 6 foot shear spans. Seven of the 9 beams with 8 by
"\' ) 8~' S ‘. - . :

b

16 inch'ikgtaﬁgular holes exhibited this type of cracking while neither
éf the two beams with 8 by 16 patrallelogram shaped openings and only
one of the 3 beams with 8 by 12 inch-rectanguiar\openingé exhibited
this t;pe of cracking. ’Tﬁe average st;ut fléxure cracking load for tge
top of the toé'strpt for the 7 beams with 8 by 16 ingﬁ rectanghlar

holes was 15.7 kips and ranged from 11 to 22 kips wh”ﬁof the one

beam with Bkby 12 inch openings the cracking load was 21 kips.

Tﬂere were oﬁly 2 beéms tested with 7-foot shear spans. They

each had 2 holes, 21 inches long, in each shear span. The cracking
order for these beams was slightly different than the general cracking
order in that poét 1 crackéd before flexural cracks appeared at the

A}

bottom of the bottom strut in the shear spans. The first crack occurred

-at a~loéd of 6 kips when the centerline moment was 505 in kips.

Flexural cracking in the pure moment region occurred at an average

shear of 8.5 kips while the centerline moment was 714 in kips. s

A 7-point loading was applied to two beams of this series,

.

each of these had 8 by 16 inch recténgular openings spaced at 24:1inches.

The order in which the cracks appeared was typical except that post 1



cracked after flexural cracking in the pure moment region due to the
relatively low horizontal shear on this post and the application of

the 1oad above this post. The load at which the cracks appeared at

the various locations did not appear to be greatly affected by the
number of préstressing sgrands and the cracking load at some locations
was higher for the béam with four strands than the beam which had five

. .strands. -The first cracks appeared at an average load ofvlf75 kips

per jack corresponding to a moment at the beam centiflin; of 483 &n kips.
The éirst flexural cracks at the beams' centerlines occur;ed at a }oéd

of 2.5 kips when the moment ag this location was 690 in kips.

The maximum service load and the load at which the load-
deflectien curve becomes nonlinear for prestressed concrete beams is
\ generally.éonsidered to be the load at which flexural cracking occurs.
The the&ietical flexural cracking moment can be calcula;ed using the

formula® -

M T ?; (fép M fpe - )

Using this formula with the average splitting strength of the concrete
for the beams of’this series, ané the prqﬁer;ies of the gross conxrete’
section, the flexural~cracking moment can be calculated for different
span lengths and primary flexural reinforcing atrangements. The theore-
tical flexural cracking moment for beams with four 7—wire pnestressing
str#nds and 20 foot spans was 625 in kips wvhile the actual flexural
cracking loads were between 8 percent iow and 15 percent high. For
beams with.S‘prestressing strands and 20 f°°t'épﬁié the theoretical

cracking moment was 705 in kips and the actual flexural cracking moment
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was between 8 percent low and 22 percent high. For the beams with 5
strands and' 16 ngt clear spans the theoretical flexural cracking
moment was 730 in kips while the actual craéking moment was betweer

18 percent low and 19 percenf high.

The'centerline defléctions ofjthe beams of this series near
the flexural crac&iné load, at a momeﬁt’of 720 in kips, were greater
than'ché calculated deflections. The actual centerline deflections
weré 1.10 to 1.79 times thé calcélaped deflections us;ng phe moment of
inertia of the.gross concrete section of a beam without ﬁoles and the
elastic modulus obtained from tests on the concrete. The moment.of_
inertié of the groés éoncrete-section used in this series is 4583 in“
which is 5 percent higher than'the'ﬁoment of inertia at a section |
through a hole.” The modulus of elasticity obtained from tests on'the
concrete used in this series was 3.26 x 106 psi while tﬁe modulus of
elasticity baséa oﬁ section 8;3.; of the ACI Code (1) ié 4,25 x 106

which is 30 percent higher than the test value.

The theoretical deflection, caiculated.using the gross
moment of iﬁertia and the test value of the,modulus»&f elasticity for-
tpe concrete.from tﬁis series, is within 2 percent of thg actual
defleqtion of J. Sauve's control beam (JS-1) in the linear portion of
the momeﬁt-deflection curve. At a moment of 726 in kipé the actual
centerline deflection‘was 0.30 inches while the calcul#ted deflection
was 0.305 inches, a difference of‘léss than 2‘percent} The differences
betwéen the'theorefical and'actual deflections for E. LeBlanc's control

beam was much larger than for Sauve's control beam. The actual deflec-
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'tion ét a moment of 720 invkips was‘0.66 inches, 1.64 times the calm"t
culated deflection of,0.28Linches. Théugh it does not explain why ]
rhere is such a discrepancy, it can be seen from the moment—deflectiox
curve for this beam that there was an irregularity in the slope of thé
curve at a moment of 220 in kips. . For Higher loads the deflection of

this beam was ‘greater than that of the two beams of this series with

the same loading (7-point loading).

One of the two beams of this series with 7—poiht loading had
lighter flexural reinforcement than EL-1 while the other had heavier
flexural reinforcement. All three beams had the same clear span of
20 feet. EL—I'h;d four 7-wire 3/8 incg'diameter prgstressing strands
and two No. 3 bars in the bottom of the beam. Of the two beams of
this seties. one had foufvstrands while the other had five strands.
For these two beams, the ratio of the actual to theoretical deflection

was ém&ller for the beam with four strands, 1.10, while fof the beam

with five strands the ratio was 1.25. .

Eight beams were tested with 4 foot shear spans; three of
these had 20 foot clear spans and the remaining five had 16 foot clear

spans. bf.che beams with 20 foot spans, two had four preétressing
strands, one of whiZL had the shear capacity of the botgbm strut e
reduced, while the »ther be#m with a 20 foot sﬁan had five strands.

The number of prestressing strands did not appear to affect the ratio
of the actual to t etical deflections which was 1.15 for both four
and five strands. I

ueflgction was much larger in the beam in thch

the shear capacity of the bottom strut was reduced and the actual
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deflection was 1.45 times the theoretical deflection. The tive beams
with 16 foot clear spéns all had five prestressing strands and the

average ratios of the actual to the theoretical deflection was 1.35.

>

There were three beams tested with two point loads and 5
foot shear spans, each of these had 16 foot clear spans, 5 prestressing
strands and holes 26 inches long; the longest used in this serles. The
average deflection at a moﬁent.of 720 in kips was 0.34 tnches giving é

ratio of actual to calculated deflection of 1.79, the largest for the

béams of this serles.

Fifteen beams were tested with 6 foot shearrspans. Eleven
had 20 foot clear spans and four had 16 foot clear spans. Four of the
eleven beams with 20 foot clear spans had 4 prestressing strgnds and
one of these had the shear capacity of the bottom strut reduced. The
ratio of the actual to the theoretical defléttion was 1.74 for the beam
with thé‘éﬁear capacity‘of the bottom strut reduced while for the other
threé beams.the ratio was 1.35. The remaining seven of the eleven

beams with 20 foot clear spans had 5 strands and the ratio of the actual

-

e

to theoretical deflection was 1.12. The four beams with 16 foot clear
spans all had 5-prestreésing‘strands and the actual deflection was

1.28 times the theoretical deflection.

There were two beams with 7 foot shear- spans. These had 16
foot clear spans, 5 prestressing strands ‘and holes 21 inches long. The
average deflection of these beams a; 1.63 times the theoretical deflec-

tion.



Several general observations were made concerning the actual
detlection and the ratio of actual to theoretical deflection, at a
moment of 720 in kips, in rélafion to the parameters of this series. .
The ratio of actual to theoretical deflection was larger for beams with
longer holes being 1.79 and 1.63 for holes 26 and 21 inches, respectively,

- ‘.

while for 12 or 16 inch long holes, there was little difference and the
average ratio is only 1.23. Decreasing the clear span increased the
ratio ot the actual to theoretical deflections tor beams with the same
shear span hole size agd flexural reintorcement. Reducing the shear
span also increased the ratio of the actual to theoretical detlection.
Reducing the shear capacit; of the bottom strut as was done in beams
4-16-6 and 5-16-4 drastically Iincreased the centerline detlections.
Decfeasing the number of holes in the shear span as was done in beam
24-16-6 slightly reduced the centerline deflection compared to other
beams with the same loading clear span and flexural reinforcement.
Changiné the primary flexural reinforcement from 4 to 5 strands decreased
the deflectioﬁ of beams with 6 foot shear spans, did not affecé the
deflection of beams with 4 foot shear spans and increased the deflection
of beams with 7-point loadfng. The reinforcement in the region around
the holes had very little effect on the centerline deflection. There
was ;;ly one case in which a change in the reinforcement around a hole
measure;bly inf luenced the deflection at a moment of 720 in kips.

Increasing the strut flexural reinforcement in the beams with 5 foot

shear spans and holes 26 inches long decreased the deflection.

In the elastic range, the deflection of beams with multiple



holes were larger than the theoretical det lections of a beam without
holes. Several cracks were evident In the beams of this serties prior
to flexural cracking in the pure moment region. However, these did not

affect the behaviour nor would occur betore tlexural cracking in less

shear sensitive beams.



CHAPTER b

SUMMARY, CONCLUSIUNS AND RECOMMENDATIONS

6.1 Summary

Thirty simply supported prestressed concrete T-beams éontain—
ing large web openings were testgd to éxamine‘the behaviour and develop
design procedures ftor such b;ams. The behaviour of these beams is
recorded in terms ot applied loads and the resulting deformatans. The
prime vgriablc in this study is the reinforcement required in the
reglon afouud the holes. cher parameters such as geometry, loading
conditions, and flexural capacity were varied to placetdifferent demands

on the reinforcemeht in the region of the holes.

The reinforcement in the region of a hole is grouped into
four types; post reinforcement, solid shear span shear reinforcement,
strut shear reinfqrcement, and strut flexural reinforcement, Several
different arrangements were used fog each type. The post reinforcement
was provided by vertical or inclined déuﬁle—legged stirrupg. In some
beams, supplementary post reinforcement consisting of horizontai
stirrups or inclined bars was ad&ed to the vertical stirrups. In the
solid shear spans, the shear téinforcement conslsted of ver;ic;l or
inclined double—leége;‘No, 2 or 3 stirrups at various spacings. The
strut shear reinforcement was closed and Nd. 2 stirrups set at various
spacings. The strut flexural reinforcement was provided by supplemen-
tary longitudinal reinforcement aF four levels in the cross-secttion,

at che'top and bottom of the top and bottom struts, and consisted of



straight No. 2, 3, 4, or 5 bars. Huvefal aspects of the beam geometry
were varied in.these tests. The horizontal dimension of the holes
vvarted from 12 to 26 inches while that of the posts varled fra"B to

12 fnches. Twenty-seven of the beams had rectangular holgs and vertical
posts. The other three beams had parallelogram shé?!d heles and in-
clined posts. The clear span length was reduced from 20 te 16 feet to
facilitate casting. Five different symmetrical loadings were used.

ne was a 7-point load while the remaining were 2~point loads with &4,
5, 6, or 7 foot shear spans. The flexural capacity was varied by Qsing
tour or five 7-wire, 3/8 inch, stress relieved, 250 K prestressing
strands as primary tlexural reinforcement. These tests resulted in

10 tlexural failures, Y post shea: . ures, 5 strut shear failures,

and 6 strut flexural failures.

6.2 Conclusions

The following conclusions are based on the results of this

tnvestigation.

1. Beams with large web ppenings can be designed to resist large
shear forces and to fail in flexure.

2. .Beams with large holek require extra reinforcement in the region
around the holes particularly in reglions of shear.

3. Large holes in the pure moment region do not affect the strength
but reduce the sti%fness of a beam. .Extremely long holes should
be checked for stability. -

4, Adequately reinforced beams with large web openings behaved as

typical under reinforced prestressed concrete T-beams with a linear
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moment deflection curve to the flexural cracking load and large

deflections and closely spaced flexural cracks at the ultimate load,
LY -f'

Beams with large holes are not us%ktiff as beams without holes.

The flexural capacity was conservatively predicted with an error

of less than 16 percent using the approximate formula in the ACI

Codq‘(l) for tﬁg stress in the prestressing strand at design load.

[y

Strain compatibility analysis was more accurate in that rupture of
the prestressing strand could be pnedtctéd. '

Beams with large transverse holes in the weSs exhibit‘Vierendeel
truss behaviour. |

The shear on a section through a hole 1is distributed in some changing
ratio to the top and bottom struts. When the applied moment is
small, the bottom strut carries a large portion of the shear. As the
momen t 1ncre§ses, the proportion of shear carried by the“bottom strut
reduces. In this series, natisfactory'design was accomplished
assuming the shear was proportioned by ﬂtear %qa which)&.ncﬁfded’ﬂ&

=3 ’Q‘ﬁt

the contribution of the flange aud chquat«to m,"gheax Kgq 0“% vthe

P

‘-.

top strut.

metrical. However, for the t?gw;ts-t which is neither sygmetrical

nor symmetrically reinforced,gt§£ﬁ’;ssumption is consetvative. This
5L fe
is because the flexural capac‘?xl {}each end oft the strut is dif—

ferent and the point of infle

2N
ﬁ.-i db moves away from the end with the

higher capacity so that boég‘ vi%tail near the same load (which is

& &
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higher than that predicted using the smaller capacity with the
)
"»
inflection point at the strut centerline). 1
~

«
10. 4 definhition of a large web opening is not practical and the effect

L.

12.

13.

(s

' of all web openings (except small pipe sleeves) should be checked

[

for each application particularly where shear is present or possible.

Posts in beams with multiple openings where shear 1s present are
" .
subjected to a horizontal! shear resulting from chanéé in moments

»betv‘een the centerlines of the holes to either side, m;nts due

to the horizontal shear and changes of the moments in e struts,
and an axial load due to directly applied loads and changes in strut
sh@ar.

The horizontal shear ﬁroduced extremely lafge shear stresses on the

horizontal cross-section of the posts; as high as 1245 psi on some of

:he-poets of this series. .
<
Post reinforcement had the greatest influence on the post &

capacity:, .
. e .
. ks -

a) Incredsing the total area of vertical double-legged stirrups
increased the post's ability to resist the applied fomces. The
axial load on vertical post stirrups was less than 1.356 times
the horizontal shear.

b) Inclining the post reinforcement at 45° increased the post
capacity_compated to the same area of vertical stirrups. The
axial force on the inclined stirrups was less than 1.10 times
the horizontal shear.

c) Adding horizontal stirrups to vertical post stirrups increased

the post's capacity and reduced the strain in the vertical
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15.

16.

17.

18.

19.

20.

21.

22.

23,

stirrups. The axial loads on the vertical and horizontal
stirrups@were less than 1.24 and 0.99 times the horizontal
shear. ‘
Increasing the horizontal dimension of a post increased the post's
capacity and the post cracking load.
The horizontal shear increases with hole spacing; hOWever, from
these tests the strain in the post reinforcement was higher only
near the ultimate load. ’
JIncreasing the axial load on a post by application of load directly
above a post increased the capacity ¢f the post.
Decreaging the axial load on a post by reducing the shear capacity
of the bottom strut reduced the capacity of the past.
The moments on the posts of the beams of tﬁis series were adequately
resisted by distribution of the shear‘reinforcement over the hori-
zontal dimension of the post.
The struts above and below a hole where shear is present are sub-
jected to shear flexure and axial loads. |
The d}stribution of the shear to the top and bottom struts is critical.
No strut shear failures occurred in beams in which the shear was pro-
portioned by shear area including the contribution of thre flange
and chamfers and reinforced accordingly.
The shea: is critical in the beams of the proportion used in this
series through a hole where the beam moment is largest.
The concrete in struts without strut shear reinforcement can resist
considerable shear.

Strut shear reinforcement has a major effect on the strut shear capa-

-
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26.

27.

28.

29.

30.

31.

32.

33%

city. Adding strut stirrups to- the struts increased the ability

Py
of the struts to ! AMhear .

Decreasipg the spaoci *of the ‘&rut stirrups increased the strut's
aﬁility to resist shear. .
Inclining the strut stirgups at 45° s}ightly reduced the strain in
the strut stirrups. ’

The critical shear crack in the top strut was a web shear crack at
about thg centerline of the opening.

Inclination of the post stirrups increased the top strut shear capa-
city;

As the hole length was.increased, the strut shear capacity was
reduced. |

Increasing the flexural capacity of the. beam by increasing the
number of prestressing strands slightly increased the ghearvcapacity
of the bottom struts by reducing the axial tension acting dn the
bottom struts.

The sgpplemgntary longitudinal reinforcement had.a great influence
on the strut flexural capacity.

The major factors affecting the strut fioments are distribution of
shear to the struts, location of the inflection points, and the

hole length.

Increasing the area of supplementary longitudinal reinforcement
increased the strut flexural capacity. ~

Anchorage of the strut flexural reinforcement is a problem in beams

subjected to large shears which have holes and posts with small

&

horizontal dimemsiouns. ST

@
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The solid shear spans of beams with large web openings can be de--

signed in the usual manner as long as extra stirrups:(to carry the

entire shear on the section) are placed beside the first hole.

¢

All the beams of this series had shear cracks in the shear spans

before flexural cracking in the pure moment region. However, for

The cracks which occurred before flexural cracking did not in-

4

fluence the beam behaviour up to the service load.

- less shear sensitive beams, no such problem would exist.

¢

The deflections of the beams of this.series at a moment of 720 in--

kips were between 1.10 and 1.79 times the theoretical deflections

calculated using the moment of inertia of the gross concrete section

and the test value.of the modulus of elasticity for the concrete.

The ratio of the actual to theoretical deflection is larger for-

beams with: (i) longer holes, (11) shorter clear spans, (111)

re

shorter sheaqh§pans, and (iv) the shear capacity of the bottom strut

reduced.

3

The ratio of the actual to theoretical deflection is decreased by

reducing the number of holes (as was done in beam 24-16-6).

" Recommendations

6.3.1 Design Procedure

Design for flexure

compatibility.

Design solid shear

.

‘

-

using ACI Code (1) approximate formulas or strain

span in usual manner using ACI Code (1) formulas

¢

B

s



~and placing extra stirrups beside the first hole to carry the total

shear oq_the gection. -

Assume the beam in the region of a hole behaves as a Vierendeel
truss. .

Assume the shear 1is proporﬁioned to the top and bottom struts i

proportion -to their respective shéar eas.

- Assume points of inflection in the struts are. located at the center-—

line of the strut length.

The axial load on the struts due to‘tLe applied loads is equal to
the bending momené at the cepte?line of a hole'divided by the dis-
tance between the primary tension reinforcement and the centroid -

of the goﬁ strut:

Design the struts for thesé forceés using the ACIL Code procedurés
for shear and axial load, and the strut interaction diagram to check

the strut flexural and axial load capaclity.

_ Design the posts to resist the horizontal shear due to the changé

in the strut axlial ldads on either side of the post. This can be

&
IR

accomplished using the required area of reinforcement as suggested
from the tests of this series for the various arrangements and

distributing it evenly acréss'the post.

6.3.2 Further Investigation

s

Investigﬁgg.tﬁg'behaviour of*struts subjected to transverse loading.
j‘ .‘ 4 L .

anestighte the behaviour of struts long enough to buckle.

Investigate and develop a relationship for the distribution of shear

to tﬁe top and botfgom struts which should inclﬁde (1) shear area,
- L N
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(i1) applied-shear and (i11i) the ratio of the applied to ultimate
momeni. ‘
Further investigation in post behaviour in relation to deep beam
action.
.

Invgétigate the use of the prestressing strands to reinforce the
bottom sFrut‘against strut moments where the strand is not required
to resist beam moments, i.e., near the suéports in a simply supported
beam. This is ﬁormally a poor location for a hole, however, it

might lead to more efficient use of the prestressing strand.
Investigate the effective hole length to be uséd in calculatiné

strut moments for hole shapes other than rectangular.
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APPENDIX - A
A.1 Materials

1l. Cement
Type 111, high-early strength, portland cement was used in all

mixes,

2. Aggregate

Two aggregates wére used in each mix; a fine sand and a coarse
aggregate. The sand was a well graded fine sand with a fineness modulus
of 5.53. The coarse Aggregate was 3/8 inch pea gravel. Both of these
aggregates were used in several previous investigations and always gave

sdtisfactory results.

3. Concrete Mix

A satisfactory mix had been developed in the 1aboratory using
these materials. This mix was used in this series. The proportions

used were as follows:

Cement .....cccc000 cee.. 1.0
Sand . ..iiieiienienn cees 2.2
Coarse aggregate ....... 1.6
Water .....ceveenans ee.. 0.39 - 0,51

Thg proportion of waéer added was varied to giveba constant water/ceﬁent
ratio accounting for slighf variations in the moisture content of the
aggregate. - The slump was maintained between 3 and 4 inches to facili-
tate compaction of the concrete around thg congesteq reinforcement 1in

the posts and below the wvoids.

Three batches were tequiréd for each beam with a 20 foot clear

span while only two were required for each beam with a 16 foot clear
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span. For cach batch, three & by 12 inch cyvlinders were cast and sub-
jected to the same curing as the beams and were tested at the time of
the beam tests. Two cylinders trom each batch were tested in compres-
sion and the third was uéed to determine the tenstile sp‘}Lting strength,
The average coﬁpreﬁsioh strength was 5554 psi aéd varied from 6348 to
4991. ‘The average splitting strength was 410 psi and varied trom 30l
to 548 psi. The modulus of elasticity was calculated from the load
and deformation over an 8 tuch gage length for ten of the cylinders
used in the compressive strength tests for five beams. The average
‘elastic modulus was 3.56 x lOb psi. ASTM specificacipns were followed
in the sampling, mOIdingvand'teSting of the concrete. Table A.l pre-

sents the age at testing the average compressive strength and the

average splitting tensile strength of the concrete used in each beam.

4. Prestfessin&_ﬁtrand

The presfressing strand used in the test beams was 250 K
grade, 7-wire, stress relieved straﬁd, with a nominal diamete? of 3/8
inchrand complied with ASTM A-416 specifications. The load-strain
curve for thils strand was obtainéd'from the manf?ilture}'s test and 1s
duplicated in Figure A.l. The shape of the load-Strain curve was

confirmed by a test up to 80 percént of the ultimate tensile strength.

The strain gages used in this test were mounted as they were in the

&

test beams, that is, on one of thqf;fx curved wires of the 7-wire
strand, and oriented along the aiié of that wire at approximately

8°30' from the long axis of the strand. Above a load of 80 percent

of the ultimate tensile stremgth the teeth on the conical wedge grips

o B



TABLE Al SUMMARY UF CONCRETE STRENGTHS

Modulus ot

kA SR/ S R
1-16-6 5821 ' 476 28 3.17
2-16-4 5906 424 28 3.50
3-16-6 5296 424 1 3. 17
4-16-6 5085 371 20 3.06
5-16-4 5409 392 15 3.41
6-16-6 5529 301 22
7-16-6 6348 368 2 '
8-16-7L 5255 YA 23

9-16-7L ' 5709 365 21

10-16-6 t g 392 18

11-16-4-P 6192 447 23 . A

12-16-6-P . 5833 " 404 23 .j

13-16-6-p 5394 ' 401 : 22

14-12-6 5706 410 2

15-12-6 5853 435 23

16-12-6 5883 436 23 ///

17-16-4 5542 : 466 : 20

18-16-4 5933 385 22

19-16-6 5875 367 21

20-26-5 5690 528 27 .

21-26-5 5517 ’ 438 20

22-26-5 5385 360 19

23-16-4 4991 422.2 ©19

24-16-6 5226 497.4 21

25-16-6 $517 375.8 15

26-21-7 $274 340.4 19

27-16-4 5378 548.2 40

28-16-4 5469 481.9 sl

- 29-12-6 5080 331.6 20
30-21-7 . 4766 340.4 22

AVERAGE 5554 410 3.26




LOAD (kips)

21

15

12

Sy,

Strand Size . T3san
Construction 1 x7
6 Grade 250 K
Ultimate Strength N 22050 kips
Ultimate Stress 275.625 ks
Load at 1% Elongation 19.900 kips
Modulus of Elasticity 28,900 ks
Area 0.08 in?
3 .
o) 1 1 A A 1
0 3,000 6,000 9,000 12,000 15,000

STRAIN (micro in/in)

FIGURE A.1. Load-Strain Curve and Properties of Prestressing Strand



tended to bite {nto the wires sutticiently to cause tallure ot one

wire,-

5. Shear Reinforcement

The main web reintorcement used In the solid shear spans
and posts were tabricated from No. 2 or 3 bars. These stirrups madé
ot No. 2 bars were bent to the requfred shape in the laboratory while
the No. 3 stlrrup§ were bent by the steel sgpplier. The strut
stirrups were formed from No. 2 bars in the laborator&. The hori-
zontal stirrups in the posts were fabricated ln‘the laboratory from
stralght No. 2 or No. 3 bars and welded cLésed to reduce the number
of bends requi}éd and slightly relieve the cdongestion Iin the posts.
The idealized stress strain curves and properties given in Figure
A.2 are the resu1t~of tests conducted in the Baldwin testing ma?hine
on three specimens of each group. The No. 3 main stirrups had the
properties of the No. 3 bar in Figure A.2 while the No. 3 bar used 1in
_ the horizontal post stirrups had the. same properties as the No. 3
supplementary longitudinal reinforcement as shown in Figure A.3. The
No. 2 bar - used in beams 1-16-6 to -26-5 inclusive is désignated in

Figure A.2 as "No. 2a"” while the No. 2 bar used in beams 23-16-4 to

30-21-7 is designated in Figure A.2 as "No. 2b".

6. quplementaryjLong}tudinal Reinforcement

The Bupplaméntary longitudinal reinforcement consisted of
No. 2, 3, Aland 5 bars.,. The idealized load-strain curves and the

properties of the No. 3, 4 and 5 bars are found in Figure A.3. The

Jol.



LOAD (kips)

STRAIN (micro in/in)

. Y Citg iR o
v . . . t . ";\“‘“,.“.3
it o e
Bar Size No._ 2a ‘No.'& N&} 3 Rt
Load at Yield ps 9216 | 1680 | 6.0 o )
Yiold Stress ki as3 | 738 1 ss2- ] -
Yield Strain micio in/in 1470 1150 1920 -\% e
Elastic Modulus ksi 1 30.100 29,400 A 28,900 X ¥
Ultimate Strength  kips 2887 2.743 9.
Area in? 0.05 005 [~ 0.1 £ )
No. 3
No. 2a
No. 2b
| | | 1 1.
500 1000 1500 2000 2500

FIGURE A.2. Load-Strain Curves and Properties of Shear Reinforcement



LOAD (kips)

16

14

12

10

No 5 Bas

. ’

~B_a_a_l Size e B J»N” 3 No 4 No 5

Load at Yield Kips 5 657 11.642 | 16.800

Yield Stress LA 514 58.2 54.2

Yield Strain . MICto 1I0/in 1770 2130 1400

Elasuc Modulus kst 29,100 | 27,300 | 28,500
[~ [Utltmate Strength ™ kips [ B.420 16.800 | 25.900

Area n 0on 0.28 0.31
-

No. 4 Bar

1

L . 1 1 , |
0 500 1000 1500 2000 2500
STRAIN (micro in/in)
o

FIGURE A.3. Load-Strain Curves and Properties of Supplementary
Longitudinal Reinforcement

-
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No. 2 bars used were from the same lots as the No. 2 bar shear rein-

torcement and the load-strain curves and propertics are tound in
AN

Figure A.2.

[}

AL Fabrication

1. Form Work

Thirty feet of steel torms with 1/2 inch plywood liners were
usedAtu cast 1 beam with a 20 foot clear span and two beams wiphs 16
foot clear spans were cast in tandem using 40 feet of forms. The forms ¥
were fabricated 1n ten sections of 1/8 inch mild steel plate, stikfened

along the edges, with 2 1/2 by 1 1/2 by 3/16 inch angles and transverse-

ly by 1 3/4 by 1 1/4 by 1/8 inch angles at 2 feet on center. Each half

of the section was bolted at 2 ftoot centers to a 4 by 1 5/8 by 3/16 inch
channel which formed the bottom sukface of the stem. The web openings
i

were formed with styrofoam blocks cut to the desired shape and held in
place within the form by conical void anchors. The conical void

anchors were 1 1/2 inch high and had a diameter Which tapered from
B} . .

3¥3/16 to 2 7/8 inches and were attached to tle plywood liners with

od screws. The conical void auchors fed with 3 inch holes drilled

in the stytofoam. This method, of torming and anchoring the voids

worked well and made changing the size, shape and spacing of the volds

. easy, The 1/2 inch plywood liners were attached to the steel forms

with 1/8 inch bolts. The bolt heads were set into the wood and puttied
: — .y

over with duto-body putty. The liner’was then painted with a plastic

%yrface coating which gave tﬁe liner great durability and resulted in
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an excellent finish on the concrete. The forms sat on 4 by &4 by 1/4
inch hollow structural steel tubes and were held in lateral position
by turnbuckles attached to the top and bottom of the forms at 10 foot

{ntervals. The end view of a form section 1is shown in Figure A.4 -and

photos of the forms are presented in Figure A.5.

A
2. Prestressing

”~ ' v

: »
' ‘
The tensioning of the prestr ssin&%‘traﬂds ®as completed on
/ ',

the stressing bed which consisted of two steel and reinforced concrete
abutments which were anchored to the test bed and resisted the tension
in the prestressed strands. The prefabricated cages of supplementary
longitudinal and shear reinforcement, tack welded together with the
strain gages in place and waterproofed, were set into the form with one

side removed for accessibility. ‘The.prestressing strands were then.

< ! ¥

-'threaded gm@\gh anchor platese, the abutments Q’\d the cages. At one

i
end, dynﬁmomet rs wére slipped on to.each cable. before the conical

wedge grips uépa to anchor the_cables were set into place.
\

Eachlstrand was tensiened individually using a simplex center-

«

. ’ Id
hole jack operafed by an electric Blackhawk pump. The load was measured

.

by the dynamoweter) and checked using the pump line pressure.. When the

~.,
correct tension in|each strand was reached, the conical wedge grip

I
located betweenvthé jack and-.the anchor plate was pushed snug agalnst
j 5
the anchor plate and the jack was released. ﬁiggr the ptestressing was

completed, gages were mounted on the prestrebsipg sirandpifnd water-—
proofed, the volds were set in place, the forwections)wew set in

4
place and positioned bolted and align&d, and were now ready for casting.
gl h .
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FIGURE A.S5 FORMS WITE ONE SIZE RéMOY?D
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J. Casting and Curing

The concrete was Qixed in the laboratory's vertical drum, 8
cu.fﬁ., mixer. The concrete was shovelled into the form and gompacted
using an immersion type vibrator. Three 6 by 12 inch test cylinders
were cast from each batch. .Twenty—féur hours’after casting, the side
forms were stripped and the beam and the test cylfnders were covered
with wet burlap and a_;'éthylene Vtarp to prevent evaporation. The
moist curing was continued until~£he pres:ressing.strands yere cut.

After release of the strands the beam and test cylinders were stored

inghe laboratory atmogphere until they were giﬁted.‘
. .

r’i ' - @

#. Release of Prestress

- The prestn‘ssing:ﬁorce‘washreléased to the beams five days
_ % e .
after casting. The prestressing force was rgleased by sloq&y aﬂbﬁylng
heat using an oxyacetylene torch to the strands between the abutments
and the beam. The fracture was gentle, indicating that a?m,tform

transfer of prestress had resulted. _ S %> o/

A.3 Prestress Losses .
; .

A complete set of Demec strain gage readings were taken at
: . - ,

the beam centerline immediately before and after release of the pre-
stress and at the beginning of each test. These readings were used

. o, .
to calculate the loss of strain in the prestressing strand. From these
A : ' :

strains, the initial preatress force (measured just priar to release)

and the modulus of ELascicity of the prestressing strand, the prestrass
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K
losses were cnlculated The initial prestress force, the effective pre-
stress force and the total losses are listed in 4!;10 A.2. These

"total losses" include'elastic,_creep and shrinkage losses of the con-
crete an% approiimhteiy 20% of reléxation losses ofvthe presgressing
strands .# However, the 'total losses' do not {nclude losses which
occurred during the prestressing operatién and between prestressing and

. . , .
1‘% due to slip of the anchors,
.’ '

)‘; of the rglaxation of the L
<

release ‘of the prestress, that.

release of the jack and app

[ &

prestressing strand.

P

éxmmetridal twa §nd seven-point loadings used in this

series were applied with loading harnesses. Each harness consisted of
two 4 by 4 by 1/4 inch hollow structural steel tubes and two 3/& inch

high strength steel “8 feet long.

4

One of the ‘:ubes rested ;’ransversely across the flange of ’\e
beam and the*!thet was suspended below the test floor on ghe steel
‘rods. The jacks were mounted on the lower tube, the test floor pro-
vided the reaction to.the jacking force. A\typical cross—-section of

this loading setup is shown in Figure A.6. 'Sevgh 10 ton hydraulic
-

jaéks were used to apply the seven-point loads. The two-point loads

o ;
were applied by two 30 or 50 ton hydtnulic jacks. For beams with 5,
5 6 or 7°foot shear spans, twa 30 ton jacks were used. For beams with -

4 foot shear spans up to and including beam 11-16-4-P, the 30 ton jafks‘

were also used. Howevef, for the remaining beams with 4 foot shear
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TABLE A.2 SUMMARY OF PRESTRESS LOSSES,
o
No. of Initial Total thffeftive
Beam No. Strands Prestresds Losses Prestress
(kips) 4_(z of PI) . (kips)
1-16-6 4 57.14 17.4 47.26
2-16-4 4 56.89 17.4 47.01
3-16-6 5 68.79 26.2 50.78
4=-16-6 - 4 56.85 21.0 ‘4493 ‘
5-16-4 @ 4 56.94 19.6 477
6-16-6 4 57.30 21.6 S e | P T
7-16-6" 5 69.81 26.1 51.62 '
8-16-7L 4 56.41 19.1 45.63 .
9-16-7L 5 . 70.98 24.0 53.91
10-16-6 4 xk v 57.83 19.3 46.70
11-16-4-P 5 72.05 25.2 - 53.90
12-16-6-P s T 71.42 - 24.6 53.85
13-16-6-P 5 71.51 27.0 52.20
“la-12-6 5 . 7150 4.8 53.77
15-12-6 5 71.86 . 21.6 56.37
16-12-6 s 71.58 Q . 23.8 54.52
17-16-4 5 . 70.97 23.5 54,33
18-16-4 5 71.17 - 25.2 53.25 .
19-16-6 5 70.25 26.2 _U§4J3i
20-26-5 5 70.25 275 50.94 |y &
21-26-5 5 70.31 , 27.9 50.67
22-26-5 5 70079 28.6 50.57
23-16-4 . 5 70.92 24.3 53.70 |
24-16-6 5 70.92 20.1 - 56.65 . | T Jue@
25-16-6 5 71.23 20.6. 56.55 N
26-21-7 5 71.23 23.0 54.82 a ¢
27-16-4 ° 5 72.00 33.6 47.84
28-16-4 5 £72.00 29.7 - ¢ 50.62
29-12-6 5 71.18 24.4 " 53.84
30-21-7 . 5 71.18 27.4 51.72
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L] .
spans, two 50 ton rams were used. The hydraullce pressure to the jacks
was provided by an Amsler pendulum dynamometer which pumped oil through
4 manitold then through separate llnes to each jack.

Potnt loading on the longitudinal centerline ot the beat!:as
achieved using 5 by 6 by 1 inch steel bearing plates below cach of
the hollow structural steel tubes, Plaster ot Paris was used to hold
the bearing plates In position and provide an even bearing surface.
Both hoam‘suppnrts were hinged to permit rotation. One ot the support:
was longitudinally fixed and the other was mounted on rollers to peg@lt

A

simple beam action.
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TABLE B.1.2

CENTERL INE STRAIN DISTRIBUTION AND BEAM DEFLECTION
L]

-

275.

: -5
L _Stratn (in/tn x 10 7) -
! |2 _1__<;L»_4_~1;5__JQ'M 6 | 1 8 9
i 0 0 0 0 0 0 0] 0
i1 63} 52 3l 11 -1 10 - 6 -1
1 158 127 90 40 -11 30 36 37
2 156 126 88 41 -9 32 |-n 37 38
3 150 121 87 41 2 35 40 39
4 144 116 84 45 ] 39 41 40
5 138 112 B 46 17 42 44 43
o) 134 108 79 50 24 47 49 46
] - 124 102 75 49 28 51 49 48
8 422 99 78 54 34 55 55 52
9 ‘Tig 9% 73 53 38 57 S7 54
10 116 94 72 52 40 59 56 53
11 113 91 71 54 43 61 61 58
12 109 89 68 53 47 62 63 59
13 106 82 65 57 47 66 65 61
14 107 81} 64 56 51 68 68 64
16 114 63 63 58 62 80 77 73
18 114 75 58 60 71 85 84 81
19 116 64 53 41 87 87 93 92
20 -54 -51 =21 27 102 105 114 }111
21 -196 -107 -57 18 111 114 125 120
22 .
(1) Before Release ; (i1) After Release ; (-) Tension
Inc. Load Deflection (in)
(kips) North < South
1 0.15 ﬁh 0 0
2 1 «0.01 0.02 0.02
3 2 .0.04 0.05 0.04
4 3 0.07 0.09 0.06
5 4 " 0.10 0.12" 0.10
6 5 0.13 0.16 0.13
7 6 0.16 0.20 0.16
8 7 0.19 0.23 0.20 ~
* 9 7.5 0.21 0.25 0.22
10 8 0.23 0.28 - 0.23
11 8.5 0.26 .
12 9 0.29
13 9.5 0.33
14 10 0.36
16 11 0.54
18 12 0.73
19 13. 0.94
20 14 1.24
21 15 1.74
22 15.5
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TABLE'B.Z.Z

(%

4

CENTERLINE STRAIN DISTRIBUTION AND BEAM BEFLECTION

Inc. - N Strajn '(in/in X 105)
| 1 2 3 5 6 7 8 /9
R - *
i 0 0 0 0 L0 0 o| .- o0
ii 58 46 |- 36 4 r-f? 1 . 0 3
1 139 % 117 92 | - 40 { - 321 * 35 25
3 123 [ % 113 89 43 | 31 33 37 35 .
5 25 108 86 [ bt 37 36 35 37
e T 1 } 106 84 43 36 38 41 39
8 2112 103 84 50 <42 41 42 39
10 107 103 78 50 46 46 50 45
12 97 90 73 59 49 “ 50 55 53
14 92 36 70 49 54 54 57 54
16 83 80 68 41 53 58 59 61
18 62 71 65 |~ 54 61 60 64 61
20 26 47 55 54 62 66 68 65
22- 4 =60, -6 33 5% 66 69 73 71
24 -147 -54 15 51 71 69 73 75
26 -259 -63 1 43 85 81 88 89
28 -326 -78 ~10 38 93 92 93 98
30 -469 -110 -29 27 *10Q 97 ¢ 102 103
32 -514 -121 -37 25 104 102 108 110
34 -600 | ~-237 -42 19 111 | 105 115 119
35 '
36
f(i) Before Release ; (ii) After Release ; (-) Tension
Inc Load Deflection (in) —
(kips) | yoreh € South
1 0.15 0.00 0.00 0.00
3 2 .02 .02 |© .02
5 4 .04 .05 .8§
6 5 .07 .07 ]
8 7 .11 “11 .10
10 9 .15 .16 .14
12 11 .20 .22 .20
14 13 .26 .28 .25
16 14 .31 .33 .30
18 15 .34 .38 .33 -
20 16 .42 .46 .41
N 22 17 .53 .60 .52
24 18 .73 .85 .72
26 19 493 1.10 .92
28 .20 1.07 1.27 1.05
30° 21 1.27 1.52 1.25
32 22 1.37 1.63 1.35
34 23.5 1.57 1.86 1.54
35 24 1.67 2.02 1.66
36 24.5, 2.40
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TAsLE B.3.1

S

3

L

Bibf IKICAL STRALN CAGE STEASUREMENTS AMICRO INCHES PERINCH)

.
SO

i\ BEAM NU. I-16-6 -
Inc. t::d ‘—'— ) Strain Gage Number -
No. Jack N 2 w 4 5 6 7 - 9 10
1 . 148 0 0 0 0 0 0 o 0 0
2 2 50 50 40 25 s 10 ds 15 \0
*3 4 110 103 80 65 -0 5Q “5 33 10
4 s 140 135 100 80 -1s 60 5 %0 5
5 6 175 165 115 93 .15 80 65 90 5
P2 7 210 195 135+ 11s 10 . 80 90 5
7 8 L2607 230 155 125 ’ -15 —- 760 240 -8s” 5
s y . 290 270 170 150 -5 920 365 90 <
9 10 325 310 1995 160 0 1060 485 98 s
10 10.5 160 340 215 165 10 1130 560 100 5
11 11 420 375 235 170 20 1220 610 115 5
12 11.5 65 405 250 175 35 1285 660 130 o
13 12 540 440 27 180 “as 1350 120 150 o
14 12.% s 470 290 185 55 1410 775 170 -0
15 13 385 800 310 185 70 . 1470 ’ 865 200, a
16 14 1280 1610 500 200 95 1610 1080 315 20
17 15 T 1565 1735 665 - 210 700 1730. 1230 « 375 25
18 16 2040 2080 875 260 760 2030 14(0 570 20
1y 17 2400 . ’ o '
—_ B = T e
Inc. “Load \ Strain GCagc Number ) B L
L S | AA 17 18 2 ] 22 | . T
1 .148 ol e 0 0 n n K;
2 24 20 s . -10 -5 -10 -5 .
3 4 20 0- -30 -1s -3s 15
4 s . 25 o -40 -20 -50 -20
s 6 30 0 -50 -20 -65 -30 -
6 7 35 Q -60 -30 -80 -30
2 45 0 -75 -25 -90 -40
8 9 55 -5 -75 -5 -110 -45
9 10 70 -5 -55 10 -125 -s0 4
10 10.5 80 -5 -60 25 -135 -55
11 1 9% -5 -70 50 -140 EY )
124 | 11.5 105 -5 -5 65 -145 -65
13 12 120 - s -80 95 ~150 -65 .
14 12.5 130 -5 -85 125 -135 =55 )
18 13 150. -5 -89 170 -115 -45
16 14 225 o -55 270 ~90 ) =
17 15 300 15 -60 345 -105 50 .
18 16 380 40 —45 435 -120 90 g , )
19 17 .,
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) - 281.
o Lo,
TABLE B.3.2 CENTERLINE -STRAIN DISTRIBUTION AND BEAM DEFLECTION
v ' ‘ ' —
Inc. Strain (micrd in/in)- ~ |
1 2 53 » 5 ) 7 8 "9
i -0 0 ‘0 0 ‘o 0 0 0
ii 89 75 57 | 17 37 4 4
1 195 162 122 52 32 39 38 3 .
2 191 159 | - 121 } . 54 371 39| ¢ 43 40
3 179 146 115 53 42 50 49 46
4 173 146 113 58 44 53 52 49
5 167 |® 140 111 62 50 58 55 53
| 6. 161 134 108 62 48 | ;57 60 57
156 131 105 * 64 56 61 60 60
8 147 125 102 | - " 69 61 " 68 .66 65
9/ 139 | . 121 98 69 64 71 70 68
10 130 | 114 95 69 69 75 17 70
11 114 107 91 70 69 78| ' 77 74
12 101 ° 97 88 70 70 77 76 Tm
13 Q'\33 88 83+ 712 76 84 [~ 82 78
14 5 74 - 78 72 84 |[* 83 81
15 21 47 ~ 66 71 89 85 86
16 -72 -7 35 65 8 99 98 . 98
17 | . -135 | . -47 13 63 9 105 | - 103 106
18 -280 | - -193 { -19 54 113 116 115 118
19 - . hl .

N

.(1) Before Releése,; (ii) After Release ;

(-) Tension

Inc. Load Deflection (in)-
(kips) | North f South ?
1 0.15 0.00 0.00 Q.00
2 2 ..04 .05 . .04
3 4 . .10 212 .10
4 5 .14 .15 .13
5 ) 17 .39 .16
6 7 .20 .23 .19
7 8 .24 .27 22 b
8 9 .29 .33 .28
9 10 .34 .38 .32
10 10.5 .37, .42 .36
11 11 N .47 .40
12 11.5 A .50 .43
.13, 12 .48 .54 .46
14 12.5 T .52 .59 .50
15 13 .61 .69 .59
16 14 .84 .99 - .81
17 15 .99 | 1.18 .97
18 16 1.26 1.51 | -1.22
19 17' 1.73 |
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TABLE B.4.1 ELECTRICAL STRAIN GAGE Hf,AﬂU_mF.NTS (MICRU INCHES PER INCH)
- . - -
— . BEAN NO. 4-16-6
L N — _ 4 .
Inc. Load Strain Gage Number
wo. 1 %tk R Y . s 6 -7 9 10 13
PRDE— |
L .148 0 0 0 ) 0 0 0 0 ® o -
3 1.0 20 15 10 -3 % Y 0 o |- o
s 2.0 50 “0 | 25 -10 P s 0 10 *0° 10
7 3.0 80 60 40 -1s 20 0 20 0 13 .
9 4.0 110 90 65 415 3 0 30 v 25 -
10 4.5 | . 130 100 75 15 40 ° 35 25
11 5.0 150 115 %0 21s ¢ 50 - s 0 25
12 5.5 165 ° 133 100 -15 60 -1% 70 * 30
13 6.0 |, 190 160 120 -10 75 -20 80 0 %)
“lo1a 6.5 20 195 135 s | o -2% 85 0 30 4
15 7.0 o 230 185 o 170 1 -3 140 - a 10
16 7.5 240 300 215 0 850 -40 _ 160 -5 40 .,I
17 a‘.o" 255 380. 240 0 920 -40 280 -5 4s 1
19 9.0 ns 685 345 10 1120 -5 245 -10 60
21 10.0 T 420 970 485 23 1260 -10 345 -10 85 \ :
22 10.5 640 1180 610 50 1320 -80 ¥ 40 <10 110 f
23 1.0 1065 1460 770 435 1390 -85 540 1o 150 ‘A
24 1155 1ips 2200 2380 950 -135 730 515 120 ‘
25 12.0 1395 2650 2780 1070 -135 790 480 105
26 12.5 11550 3175 l 3400 910, '
{ | o, o
Inc. Load - Strain (‘.a-;‘“ —N:unber o ._- J
No. Fack 14 T [
- L L —t . 1 ¢
1 148 0 . N ! .
3 1.0 0 .
s 2.0 0 ) ’,
7 3.0 0 . ’ - N -
9 4.0 0 .
10 4.5 0
- .
11 5.0 ) - .
12 5.5 0 . . ’
13 6.0 0 * . N
14 6.5 0° .
19/ 7.0 ‘s
16 7.5 s - ’
17 8.0 5 )
N
19 9.0 10
21 10.0 10 i
22 10.5 20 ] 1
.23 11.0 .25 °
24 11.5 80 - -4 . ( !
25 12.0 85 . AN ,
26 12.5
”
. . -



TABLE B.4.2

L4

CENTERLINE STRAIN DTSTRIBUTION\AND BEAM DEFLECTION

284.

. Inc. Strain (in/in x 105)0
1 2 N 3 5 . 6 N 9
. i 0 0 0 0 0 (] 0 A 0
i1 72 53 | 36 10° 2 7 9 6
1 157 134 96 46 40 40 39 v 21
3 160 135 99 50 45 44 42 25
5 .154 131 95 52 47 48 45 27
7 . 149 126 92 51 49 50 46, 35
9 143 123 88 58 54 57 55 41
10 140 116 ' 88 60 57 59 58 41
11 136 118 87 60 57 58 57 46
12 131 115 87 62 57 60 59 49
13 129 101 86 61 59 63 62 52
14 125 109 85 63 62 64 63 51
15 120 108 89 62 65 69 67 56
16 119 105 86 .99 64 68 68 59
17 114 103" 87 61 68 69 72 62
‘19 99 93 83 61 72° 75 74 67
21 70 74 74 63 77 79 80 72
22 30 52 63 65 81 83 83 . 76
23 -48 -1 38 59 ® 88 90 88
24 -56 -19 23 55 99 97 98 95
25
26
) Bgfore Release ; (i1) After Releage ; “ (-) Tension

Inc. Load Deflection (in)
(kips) N ¢
orth South
1 0.15 0.00 0.00 0.00
3 1 .02 .03 .02
5 2 .05 .05 .05
7 3 .08 .09 .08
9 4 .12 ) .14 .1r
10 4.5 .14 .16 .13
11 S .15 .18 .15
12 5.5 .18 .20 .17
13 6 . .20 .23 .19
«14 6.5 .22 .25 .21
15 7 .25 .28 < .24
16 7.5 .28 .31 .26
17 8 .31 .34 .28
19 9 .40 .44 .36
21 10 .49 .53 44
22° 10.5 .58 .64 .52
23 11 1.35 1.29 a .95
24 11:5 1.53 1.46 1.09
‘25 12 1.97 1.86 1+ 36
26 12.5 1.92
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TABLE B.5.2

-

>~ CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

287.

y4
Inc. Strain (in/1n x LOS) L .
1 2 3 5 6 7 8 9
i 0 0 0 0 0 0 0 jr
i 67 59 36 4 2 2 ‘3
1 137 124 92 34 23 . 28 30 28
2 138 123 94 31 19 28- 30 27
3 136 123 91 33 16 29 33 28
4 128 116 89 37 25 34 36 ! 35
5 119 111 86 36 31 39 40° 39
6 117 108 85 37 29 40 41 40
7 113 105 82 o 30 39 46 42
8 108 104 82 41 37 45 49 48
9 105 100 78 43 36° 43 49 47
10 100 98 77 45 42 48 52 51
11 95 94 75 44 44 51 54 52
12 92 89 71 45 47 53 . 57 55
13 83 83 70 46 48 55 58 58
14 67 75 64 46 f!z 58 63 60
16 43 59 56 47 55 60 66 65
17 -14 11 39 49 58 64 70 69
19 -68 -6 21 42 66 71 77 77
21 -139 -90 -14 38 73 . 76 84 89
23 -183 -130 -24 37 82 84 95 94
24 -219 -168 ~148 35 87 88 98 98

(1) Before Release;

(11) After Release ;

(-) Tension

Inc. tiad Deflection (in)
(kips) North € Seuth
1 0.15 0.00 0.00 | 0.00
2 1 .02 .02 .01
3 2 .03 .03 .02
& 4 .07 .08 .06
5 6 .12 .13 .11
6 7 .14 .15 .12
7 8 .16 .17 .14
8 9. .19 .20 .17
9 10 .21 .23 .20
10 11 .25 .27 .23
11 12 .28 .31 .26
12 13 .32 .35 .29
13 14 .37 .40 .34
14 15 .43 .46 .39
16 16 .52 .56 .48
17 17 .65 .71 .60
19 18 .89 .99 .82
21 19 1.17 1.32 1.10
23 20 1.41 1.58 1.31
24 20.5 1.61 1.79 1.48
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FLECIRICAL STRAIN Gact MLABURKMENTS (Ml RO INCHES PER I1NCM)

hd TABLL 8.6,
SEAM NO. -}
e
flnt TL’::J E—‘ - o o !t’r:l‘n
L o Jeck 1 L [ . - ) [
1 T .1a8 T 0 ] v T 0 1 0
2 2 4 308 2% -10
] « 7 e 113 60 -20
Y s 100 [ 1% " -3
) ’ 210 220 110 -30
. Tes 10 rs 113 -30
’ s 2459 233 s )
[ 8.5 273 290 120 -30
[} 3 31 320 120 -2
to 9.9 138 350 P42 -20
11 10 400 ns [T »13
12 10.% 600 43Q - 1 -10
13 11 1130 820 140 0
13 12 1420 1120 133 23
1e 13 | 1s9s 1370 173 55
17 14 2570 2240 239 370
18 ) 15 | 30%0 3220 . 30 190,
19 16 | 360 4000 310 430
20 17 4120 4565 630 460
21 17 . ©900
U S
Load - Strain
R "
Jack 14 17 18 I 2
p——— e e e . S SR — — —4 ———
] Y] 0 0 0 r 0
2 2 0 -13 -10 <10
3 4 o -30 -20 .25
“ b e 0 -40 -25 Y S
s 7 0 -13 -20 -30
[ 7.8 0 0 -20 -60
7 8. 0 25 -20 -60
[ 8.3 0 40 -20 -70 .
] 9 0 110 -2% -8Q
10 9.3 0 130 -30 -10
. 11 10 o 150 -30 -u‘
12 10.3 0 205 -10 -40
11 11 5 245 13 ~10
-« 12 10 300 63 -5
18 13 30 34s 110 20
17 | 1s 63 40s 205 100
18 15 135 415 260 153
19 16 383 540 275 210
20 v A80 560 2%0 230
21 17.5

-0 Tt
Caga Number
LI T 7
U W
[} v

b) 10
48 13
*° 180

440 100
490 129
340 123
20 3’70
6’0 450
no S0
7%0 580
803 L 110
ass 13
938 830

1010 940

1129 1120

1170 1250

1265 1490

1378 1630

Cage MNumber
22 TL—

F N
o}

-10

-20

-30

-35

-35

~40

~45

-50

-53

-60

-70

-50

-15

45

180

390.

505

550

[ ] e
I S CS—

] (]

20 0

[ 3] b}

130 s

170 Y

t70 -10

17y -0

{ 189 10

' 19% ~10

215 y -10

' 249 -10

’ 340 -10

1030 ’ -

890 0

1530 10

2910 30

150

130

970
l:“:::;':"::‘-; b
Y

289,

110
135
lmo
250
1535
4’0
260
1370




TABLE B.6.2

CENTERLINE STlAiN'DISTIlBUTION AND BEAM DEFLE

-

\
N

290.

CTIONS
4 \
e . ) L3 -
Inc N Strain (§n/in x 10°) R n
] 1 2 3 5 6 ? 8 9
[ 0 0 0 0 0 0 0. 0
11 80 54 42 L1 2 0 3 -3 |
1 172 164 10 &7 2) 29 9 g
2 166 140 107 'Y 26 |- 33 38 12
3 154 130 102 50 33 42 %3 28
A 139 123 98 51 42 30 54 44
5 133 119 94 54 45 52 53 48
6 130 114 92 54 47 55 59 S1.
7 126 110 91 \ % 48 |+ S4 58 51
8 119 109 89, 53 51 57 63 57 .
9 106 101 88 54 54 62 66 - 60
10 96 96 8s 56 57 62 66 62
11 © 80 " 89 79 54 58 65 71 65
12 41 65 65 55 63 69 74 68
13 -40 9 32 51 69 75 81 75
15y° -91 -35 3. ra2 81 86 90 88
16 ~-190 | -109.-] -3s 42 92 95 101 | . 99
17 ~348 -246 -109 41 108 110 115 114
18 ~464 -358 ~-176 42 119 123 129 227
19 -626 -509 -268 38 133 135 142 142
20 -754 | -601 -316 37 143 * 145 152 153
21 -
(1) Before Release; (11) After Release 7 (=) Tension
-« -»
Inc.. Load Deflection (in) A
. (kipe) Noreh | ¢ South
1 0.15 0.Q0 0.00 ?,oo
2 2 .04 .05 |<-'.0s
3 4 .11 .11 .11
4 - 6 17 .19 .16
5 7 ;21 .23 .20
6 7.5 . .26¢ .22
7, 8 .25 .28 .24
8 - 8.% .28 .31 - .27 . &
9 ) 9 .31 .34 .30
10 9.5 .34, .38 32
11 - 10° iy .42 .35
.12 {1 10.5 L34 .48 .42
13 11 .58 .66 .56
°15 ‘12 .77 .9 .75
.16 13 %7 P 1.17 .94
17 14 1.27 1.55 M 1.26
18 15 1.53 1.87 1.50
19 16 1.89 2.31 1.82
20 | 17 2.10 2.54 | N2.01
21 | c17.5 - 2.89
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ELECTRICAL STRAIN (.\Gf MEASUREME NTS (MR,

TABLE B.7.1 INCHES PER INCH)
BEAM NO.  7-16-6 .
“ .
. Strailn Gage Numher
T T T T e T -
2 3 B oo e t3
‘‘‘‘‘ —— S N S S, R
| 0 o | 5 | o | 3 \f 0 T )
| h !
: s " SRS LI 20 ! 10 | 5 0 o | 15
! : o i
| 110 ' TS ' 55 | -15 5l 50 0 ' 30
4 & . 180 | 170 s S P Y ! 350 " -5 50
! | i . {
5 7 qes ’ 200 | 120 i “1o <16 -1 4o -5 60
6 8 | s, 23 140 1o “17 0 etn oses J -10 RE)
|7 9 | 0 i 370 o gy -io D s ses I Lqy "9
' 8 1o 1 as f »o P R =5 L 3w | rsq f -1s 75
! 9 )RS 370 } 3ss, 235 147 5 I' 92 i 83s 1 -1 ! 95
i l t !
I 10 12 46U ab, %5 a5 W99y 88s L 200 ) 0
: i
! n oo T sso L 3ha s 300 1060 910 yst ia5
! I
12 l 14 1252 1099 | 3o o0 b ogesa g [ 190
| i i
| 13 15 1562 1 1500 1 s30 12 370 e s b ’ 230
! i ! ! i
14 l 16 020 | 199y 360 230 .05 tres 285 ; 60 | 330
15 17 s D 2360 1910 4 0 e R E L I f , 240
te ' oaa 1 oas Tl Leng 1245 3 450 ' 13t 1 1460 Mo 1 s10
i t i i
17 J 19 i i | . ! 1450 ! f
f ' . I | |
’ ‘ = - [ PR
! tac Loaxd Strain  Gage ‘unmber
', ) per T T e e e -, T ——— -
! No. l Face i V- 18 22 ;
— B e L S G —— e e . R —
| i Coelsd 2 g i} ] J . ;
. i |
o2 i R -l -10 s -5 L, ’
! Yy . - - -0 S1s ! 1
! 3 , 6 - =25 -0 -5 |
| - t . i
[ 5 [ ‘ ,’ DR R P =80 . =36 . ',‘
l 6 | 8 e e -60 -8 . ‘
. : . { '
7 - 0. ] : .y a :
: 9 f S i pael \ ] L9 . 70 ‘ o] : I
r 8 } o f -0 wy 550 95 1 sy i
[ H ! !
‘ I : 30 so 4 =55 ]
i ' ¢
TR -1 S b | .
; : i
! ’ 13 -1s f 165 1 160 | -2 | 30 f
] 12 '» 1% o 235 ! 260 f 25 20 ’y
I !
’ 13 s ¢ 0§ 270 310 | 50 50 i
!
[ 14 16 ! wo | 330 | 390 ! 90 ! 90
i i
f 15 vt o | 0. | es0 i 120 255 -
16 18| a0 , we | so0 | 1so 380 f |
]
17 19 l I
| | ,
1 1




TABLE B.7.2

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

293.

Inc. ' train (idn/in x 105)
1 2 3 5 6 7 8 9
i | 0 0 0 0 0 0 "o 0
i1 107 89 61 10 4 -1 3 -1
1 203 169 23 - 54 43 40 50 35
2 198 168 123 57 47 43 55 40
3 188 161 118 60 56 48 60 47
4 175 150 111 64 61 .56 67 54
5 170 147 110 63 60 72 57
6 163 142 108 69 ?g 63 74 62
7 156 137 109 66 74 67 79 64
8 148 130 102 - 67 76 70" -82 68
9 27 116 93 Y9 84 77 88 74
10 96 101 90 70 87 78 92 78
11 20 62 73 71 - 90 84 95 83
12 =32 20 47 74 105 95 107 97
- 13 -66 -3 34 56 114 105 117 107
14 -219 ~43 5p 12 48 126 117 129 119
15 ~264 -81 -9 35 h./ 135 126 | 139 129
16 -323 -133 -21 29 147 138 151 139
17 ' .
-

(i) Before Release;

(ii) After Release; (-) Tenéion

¥

Inc. Load Deflection (in)
(kips) North ¢t South
1 0:15" 0.00 0.00 0.00
2 2 .04 .05 .04
3 4 .10 .11 .09
4 6 .17 .19 .16
5 7 .20 .23 .19
6 8 .23 .26 .22
. 7 9 b8 .32 .26
8 10 .32 .36 .31
9 11 .39 A .38
10 12 .45 .52 .45
11 13 .57 .67 .56
12 14 .81 .97 .80
13 15 .96 1.17 .96
14 16 1.18 1.45 1.18
15 17 1.37 1.68 1.37
16 18 1.61 1.98 1.61

17 19 : 2.33
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"TABLE 3.8.1

BIAM NO. B-16-7L

ELECTRICAL STRAIN GACE MEASUREMPNTS (MICRC INCHES PEP INCH)

- - — _—
{ [:;_ ;::d ) o - . ;S_lr:ln chg Nusbers .
| . . ' T j
:% ‘ Jack L 1 1A 2 3 . | K ¢ 7 9
P 0.120 l s ! b 0 o . o 0 u
l » 2y b1 03 10 s s 0 0 0 0
j o s b " 30 25 13 - s 0 10 0
Poa s ‘ % 8% 30 15 25 -3 0 15 5
‘l s ‘,-“'3 5 ﬁs '3 30 30 -5 0 23 5
C6 . 1.2% 5 100 | %0 65 5 0 10 40 10 .
s L b} 1y 1w 80 60 10 10 65 20
s s “ 160 ' 1s0 95 70 15 as 60 35
e 2 180 190 . 119 110 80 25 60 35 5
L1022 2y, 235 : 193 1o 90 35 73 95 60
1 2.0 L) 290 1 4 150 100 40 110 155 60
Poi2 iz.'s b el 13 270 155 45 880 235 75
é T W 390 1 3} 170 120 S0 975 260 75
Po1s |3 1215 580 230 130 80 1180 350 70
‘ 17 ..0 2405 1060 340 145 1045 1380 440 80
19 “.s 3720 1590 640 175 1190 1530. 610 110
N 5.0 7500 2340 930 370 1340° 1750 195, bo
22 5.25 8560 2440 950 400 1405 - 1845 875 180
23 5.5 11850 2690 1030 490 1480 1949 1010 .|} 220
24 5.75 30500 30%0 1170 600 1550 2023 1090 275
ne. l..oaJ 5 Strain Gagc Numbers
e j::k 10 13 14 17 1 18 T a 2 |
1 0.120 [+] 0 0 [¢] 0 o
2 ..25 -5 =10 - -5 - 0
3 .5 -5 -15 -10 -15 -10, 10 0
4 .75 -5 -20 -10 -20 -15 25 0
s 1.0 -5 -30 -1s -25 -15 40 0
6 1.25 -10 -40 -20 =30 -20 60 0
7 1.5 -10 -50 -25 -40 -25 sC 0
s 1.75 -10 -60 -10 -45 -25 40 ° .
9 2.0 -5 -70 -30 -50 -3 35 0
10 2.25 -5 -85 =35 -65 -30 25 0
11 2.50 -5 ~100 -40 -80 -30 20 0
12 2.75 -10 “-105 -45 -100 - 15 s
13 1.0 -10 -10s -45 -110 20 15 .5
15 3.5 -10 -70 -40 -5 30 20 s
17 4.0 -10 -5 -30 . 20 80 30 s
19 4.5 -10 0 -15 60 140 60 S
21 5.0 -10 60 290 110 210 205 25
22 5.25 ~10 310 130 225 305 35
23 5.5 -10 75 373 205 235 420 60
24 5.75 -10 450 250 250 473 75




TABLE B.8.2

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

296.

Strain (in/in x 105)

Inc.

1 2 3 5 6 7 8 9
i 0 I ¢ ‘0 0 0 0 0 0
i 60 47 32 5 0 2 2 1
156 126¢| 93 50 37 29 , 34 33
156 124 93 52 39 {, 30 36 36
150 120 91 51 43 33 37 39
4 147 118 90 51 43 35 41 40
5 144 115 87 52 46 36 42 44
6 136 110 84 52 49 40 .45 45
7 132 107 83 52 53 45 49 48
8 125 104 81 54 55 46 53 51
9 121 101 . 80 55 56 49 54 54
10 113 98 74 56 60 53 %9 58
11 85 80 72 55 65 47 63 61
12 51 60 | 63 55 70 53 69 67
13 2 33 52 51 76 69 76 74

15 ~-110 -55 -2 35 97 90 96 9
17 -249 -153 -67 -10 117 110 118 1g2
19 -372 -262 -149 -45 140 136 143 139
21 -693 -595 -406 -146 190 186 193 188
22 -808 -691 -482 ~-169 204 200 207 205
23 -1712 -981 -712 -233 236 233 241 239
24 -1491 -926 *309 310 321 318

(i) Before Release;

(11i) After Release;

"(-) Tension

Inc. Load Deflection (in)
(1ps) | noren ¢ South
1 0.12 0.00 0.00 0.00
2 .25 .01 .01 .01
3 .50 .03 .04 .03
4 .75 .05 .06 .05
5 1.00 .06 .08 .07
6 1.25 .09 .11 .09
7 1.50 .11 .14 .12
8 1.75 .14 .17 .14
9 2.00 .16 .20 .17
1Q 2.25 .20 .24 .20
11 2.50 .24 .30 *.25
12 2.75 .29 .36 .29
13 3.00 .35 .45 .35
15 3.50 - .59 .78 .60
17 4.00 .87 1.15 .87
19 4.50 1.19 1.58 1.20
21 5.00 1.81 2.61 1.91.
22 5.25 2.08 2.87 2.09
23 5.50 2.54 | 3.55 2.55
24 5.75 4.08.{ 5.90 4.08
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TABLE 8.9.1 ELECTRICAL STHAIN CAGE MeASURINENES (MICKRO INCHES PER TNCH)
BLAM NO. 9-16-7L
e - l . S -
lac. Load . o L Straln’ Gulc“ Numbers ]
o | Per T b R S
L tack 1 I 1A ) . 6 ,
R S f__ﬁi,
1 0.12 0 . 0 0 o |
2 a. 35 “0 ‘ 30 ’ 10 , L)
3 1.0 7S s | 55 Lo i 20
4 1. 130 14% F %V l 1370 ;i 13
s 2.0 190 218 125 o 60
6 2.25 22 250 130 1 2iea | 890
’ 2.5 270 305 165 I ~1800 } 1080 s 30 10| s
[} 2.75 305 0 ] 18y | o-iwvo oa220 500 30 1 5
9 3.0 1S 8s | 200 | 1380 535 0 12 s '
10 3.23 440 450 o : 1625 e1o | 0 | 15 o |
11 3.5 580 1320 s | 1735 700 39 1S 20
12 3.7% 920 1713 r21s i 1825 885 | 35 I 15 a5
13 s.0 1320 1990 ns 1940 1020 0 | 0 60
14 8.5 2060 2140 w05 | 2180 120 | 90 20 | s |
15 5.0 3430 3120 695 I 1510 ' 215 30 | 365
16 5.3 4370 l b ’
- Lo S S
Inc.  Load Hi ] Straln C‘st ) Nunhe‘rs Y ¢ -
Yoo NG W 1D T | a T B i |
+ ——— s ——— T ——— -
1 0.12 o | 0 o | 0 o | ' | |
y, v.s ) ' -10 -10 £ -15 -8 [ ! ‘ ‘
3 1.0 51 -20 -1s | -0 -10 | | l ’
4 1.% s . -40 -25 } -60 -2s | ! !
5 2.0 1o | -e0 -0’ -80 e LR i | | I
6 2.2% 1o | -8s0 -30 I -100 -45 j ! . .
7 2.5 o ! s -39 c1ro 1 -sa | | !
§ 2.75 1o -8 -3 1! o boss i l '
9 3.0 10 1. -80 20 -145 -60 ; | 3
10 325 10 . -8 . -1 pooe - . \ i i
11 s 15 -80 10 -190 -r0 ‘ :
12 3,75 15 -65 60 I -212 -rs ! “t | X
13 &.0 l 20 i -50 125 : ST RV S ! ¥
14 4.3 * 2 l -10 170 1 -2 ; -80 ; I !
15 5.0 | ss 35 350 .. -10v 230 | I
16 s.s | I i ‘ i ‘
| | 3 ! | i ? |

20,



TABLE B,9.2

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

299,

Strain (in/in x 105)

Inc. _
1 2 3 5 6
i 0 0 0 0 0
i1 8 70 45 16 1
1 198 156 107 57 31
2 194 453 105 58 37
3 186 149 103 58 40
4 174 137 97 63 48
5 161 130 95 63 53
6 150 126 90 63 59
7 139 117 88 67 62
8 126 110 84 66 65
9 104 99 80 66 69
10 70 82 72 67 73
11 8 52 59 64 81
12 8 42 39 53 92
13 -37 5 10 36 99
14 -97 -43 -35 6 118
15 -212 -142 -120 -39 143
16

“jlz?ﬁ

4
36
41
45
53
59
63
68
73
78
82
91

103
111
128
155

|

8 9
0 0
3 2
30 24
36 29
38 33
48 43
54 49
59 51

63 58
66 .61
71 65
76 70
85 78
94 88
104 96
123 115
149 140

(i) Before Release;

‘11) After helease; (-) Tension

Inc. Load Deflection (in)
(kips) North X 4 South
1 0.12 0.00 0.00 0.00
2 .50 .03 .04 .03
3 1.00 .07 .08 .06
4 1.50 .13 .15 .12
5 2.00 .18 .22 .18
6 2.25 .23 .27 .22
7 2.50 .27 .32 .26
8 2.75 .30 .36 .29
9 3.00 .33 .41 .32
10 3.25 .39 .47 .37
11 3.50 * .46 .59 .45
12 3.75 .58 .75 .56
13 4.00 .69 .90 .68
14 4.50 .93 1.22 .91
15 5.00 1.30 1.69 ©1.28
16 5.50 2.10

T
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TABLL B.10.} ELECTRI AL STRAIN CACE MEA CREHMENTS (MICH TNCHES PERINCH)

BEAM MU 1O 16 8

5 Inc. ' Load ! Strain tage Numbevw !
o per R N - v 4 s - A\ Eain atliehands - Al
Jack i . ? ) ' . ! N ! ] L] 10 1) '
A . R S .
' 148 o o I ) ! o 1 o 0 0 ) 0
2 2 so, | o B l 13} SR 10 20 0 1o
3 “ 113 : 115 ! Ri) 5% -2% | 5 60 -8 50
4 & 18% P 1909 E 10 ! L3 - &0 l 35 93 -10 12%
s ? 220 l s 160 il 9 40 i’ 80 90 -, 140
6 8. 150 \ 60 3 ey Lo w100 80 -8 160
? 9 310 320 ! 299 ‘ 120 -0 228 13 -9 205
8 10 410 390 37 \ 130 <30 ' 300 1 [} 260
9 1 1040 ‘ 13%0 460 i 140 2 \ %10 10 10 “10
10 2 1400 i 19580 S35 150 ' - 30 ! 580 10 15 450
11 13 1810 1790 oS \. 160 | 30 E 950 T 10 360 " !
12 13 2095 l 2065 690 170 30 1040 90 3 585
1) 14 2410 2400 785 l 190 -3s 1133 100 40 650
15 13 2970 3150 910 l 223 -39 1260 130 65 '35
17 16 4240 637% 1625 “00 Y 1420 185 140 K60
19 17 6020 6920 2290 i /CO -40 1660 240 435 953
21 18 7115 9275 2670 ‘ 6135 -80 1850 2%0 565 1630
3 19 10000 ! 13300 2840 ‘ 370 =50 211 0 | 690 1190
‘ 25 20 18250 | 3300 i 970 S35 | 4190 13 830 1340
: i
1 I . _L Ry ‘\
Strain Gage umbers
e A U
a0 22 a2 i
KA S S _Mﬁk_%%,.__,__
D 0 : 0o . 1
-15 ‘ -10 | LS |
-0 | -20 ‘ 180
-70 ;{ -3 | 400 ﬁ
-80 v -40 | 330 ‘ i
S90 434 ~es ! 650 | l
90 | -60 | 850
| -80 L 5o 1010 ;
!
9 1n s =70 105 - -75 -25 1255 |
10 12 ‘ 180 ) -1% 165 i -0 .15 1es0
11 [ S T S T O 50 290 -85 -10 1470 =
12 13.5 430 I s 325 | -85 o 1620 | |
13 14 swo | s 345 ‘l -80 10 1610 i .
15 15 815 155 ; 390 -89 80 1900 !
17 16 1230 270 480 | -40 220 1870 !
19 17 : 320 495 | -10 330, 2620 i
21 18 300’ 505 Lol 355 2230 l
23 19 300 535 l o 405 070 !
25 20 i 280 540 ‘ 0 " s 1870
{ 30 0.5 | . i/
l i | /7




TABLE B.10.2

|
|
!
[

-
P

OO NPV W N -

10
11
12
13
15
17
19
21
23
25
30

63
160
151
138
124
122
113

96

72
-13
-76

-134
-181
-226
~-314
=471
=707
-895
-1277
-1575

S

- e

0

59
137
133
121
114
108
103
94
79
19
-23
-66
-102
-137
-204
-343
-537
-693
-951
-1281

502.

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTILONS

(i) Before Release;

S -
-H_E%EQA“LQLH‘K.H%lﬁﬁ._m-_m ]
[j__; ] 5 6 | 7 8 [ 9 ]
0 0 0 2 0 0 0
36 11 0 3 4 1
100 49 30 33 31 27
98 52 15 39 35 32
93 55 41 45 42 319
90 55 48 51 49 48
88 56 52 55 52 51
84 55 58 59 57 56
76 60 61 63 61 60
73 60 64 67 65 65
45 55 79 77 75
19 49 Ié‘& 86 86 85
-7 46 96 96 HS 95
-31 36 102 101 101 102
-54 29 " 110 109 108 109
-99 25 121 118 118 120
~-213 1 140 139 139 140
-377 -28 163 161 162 163
-570 -55 180 178 179 180
-706 -105 207 206 208 209
-960 -172 252 240 241 242
(11) After Release; (-) Tension J

Inc. Load Deflection (in)
(kips) | \oreh” ¢ South
1 0.15 0.00 0.00 0.00
2 2 .04 .05 .05
3 4 .10 .12 .11
4 6 .17 .20 .17
5 7 .21 .24 © .20
6 8 .24 .28 .24
7 9 .29 .34 .28
8 _l1o .34 .41 .34
9 11 .51 .62 .52
10 12 .68 .85 .69
11 13 .86 1.09 .86
12 13.5 .99 1.23 .98
13 14 1.11 1.41 1.11
15 15 1.37 1.74 1.37
el7 16 1.79 2.32 1.81
19 17 2.40 3.04 2.33
21 18 2.90 3.71 2.91
23 19 3.64 4.91 3.67
25 20. 4.48 5.71 4.49
30 20.5 9.36
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TADLE 8 ().} BLICTIMICAL STRAIN ALY MEASUREMRNTI (Mici INCHRY PER L 1)
BAY M L Ap AP
Inec. [ Loed I tsaln Lage Bupherss
No 7::- ' 1 i ! N " ] 1 “w | |.u
L 4 1 t S
! .16 () Q Q o 1] ] [i] 0
! 2 a0 .0 .0 10 1Y 10 ‘ [} 0
| 4 A 1 0 0w 0 0 49 } - 10 0
LY [ te) 140 14h {14 183 10 b ]
S n 185 189 2400 0 J 1Y) 0 30 0
. 9 220 120 AN a0 440 I )
’ 10 149 249 170 10 90 ) 40 3
s 11 271 179 120 %0 330 ad., . 3
. 12 LT 03 TR K ses » 10 10
10 1 1 3 “ls 130 , 830 9 80 1o
1 14 B Y1 )0 528 TS %0 1o ! 10 20
12 1S a1 410 810 180 820 1 . I3y
1) 16 o8 80 ITY 128 vio0 194 110 1)
14 18 ses +50 80 270 1030 sy [ a7y *0
1 20 1320 1150 1253 )20 1223 640 )80 %0
16 12 1120 {30 1580 RS 1549 1160 1063 403
In 24 21770 w—d- 2189 1810 170 1793 1380 1300 360
20 PRT )6 10 ! 1155 i 2270 «20 1943 1690 1560 00
12 m o | Casso Y010 510 2060 20 Vn 891
3 29 1 % ' 2000
! .- ko - SRRy G,
Inc . | Loed ' ) Strutln Cage Numbers
o 1 eex ] o T I T 1T T
- P SO L— 4 —— o - S R SE—
[y T v ! ]
? 2 10 20 ’ .
) . 20 so I v
X
[N LY AR t 00
i boa . ; 110 .
s | s se ' 130 !
P ! o e o
" jon f 70 : 170 -
i L 0 e
T »vo, 0 2
oo 1o s
Suz | as [o1ss 340
1 16 1 1es 440
16 18 ' 26% 629 )
15 0 | 70 750 ’
16 22 520 ’10
18 26 629 1055
20 26 690 1183
22, 28 750 1470
23 29

—

~

2

0

40
pIH
bR}
[ 3]
o
°"
110
12%
i16%
210
303
3
“5Y
919
645

U e S——

Vi



| BB

TABLE B.11..2

Y

CENTERLINE STRAIN DIESTRIBUTIUN AND BEAM DEFLECTILON>

Inc . Strain (in/in x 107) :
G ! *
| 1 2 Aif 3 . 5 4; 6 7 8 9
i 0 0 0 0 | 0 0 0 0
in 77| b 51 13 | 1 3 4 1
bor o0 18R L 16 130 5200 32 4 41 4
5 186 159 130 45 36 G 45 38
30 179 | 157 130 48 40 49 49 42
I 171 | 151 126 47 44 53 54 46
5 164 | 14% 122 50 48 57 56 51
b 160 142 121 52 51 60 60 4
- 159 141 o 52 ¢ 53 63 63 56
;s 153 135 | 115 . 56 66 65 59
9 149 134 114 5377 57 67 67 61
10 145 131 112 53 60 70 71 63
11 136 124 | 107 55 63 73 73 65
2o a3 122, 105 54 64 75 76 69
13 122 114 100 55 ! 68 79 80 73
14 75 85 93 56 75 85 86 79
15 -39 3 3 50 87 96 97 91
16 + -145 -67 -3 47 97 104 105 101
18 | -222 -127 —46 44 109 116 117 114
20 -320 ~208 -108 | 41 122 130 133 129
22 -447 -316 | -296 f 29 136 145 147 144
23 ‘
{ I
. (i) Before Release; (ti) After Release; (-) Tension

Inc. Load Deflection (in)
(kips) North (. South
1 0.15 0.00 0.00 0.00
2 2 ggi .04 .03
3 4 bt .08 .07
4 ) .11 .13 .11
5 8 .15 .17 .15
6 9 .18 .20 .17
7 10 .20 .22 .19
8 11 .23 .25 .22
9 12 .25 .28 .24
10 13 27 .31 .27
11 14 .30 .35 .30
&2 15 .33 .38 .33
13* 16 .37 42 .37
14 18 .45 .53 .45
15 20 .67 .81 .66
16 22 .92 1.12 .93
18 24 1.18 1.45 1.19
20 26 1.48 1.84 1:51
22 28 1.87 2.32 1.92

23 29
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TABLE B.12.1 LLFCTRICAL ATRAIN

AGE MEASUREMENTS (MICRO INCHES PF~R INCH)

BEAM NO, 102-16-6-P
tnc. o ad Strain Gage Numbers :
Ro- fack 1 N T 6 L 9 10 1t
S B A - IR T T H —
1o oas o 0 T J i 2 . 3 ’ 0 0, i 0 ) |
2 ! 2 61 : 60 : 3% i 10 ' 30 | S0 10 | > -5 i
3 ‘ l s | 13s ! 85 20 i0s 0 170 | B -1s
4 o | 210 1 220 113 T 15 230 345 15 0 -25
5 s 1 oas bosos e | 6 -60 535 s 10 -30
6 9 , 370 : N 381 575 639 35 10 40 :
’ e i 4«35 | oaze 1 2ss ! a3 59 685 40 RS} -40
8 1 ! 585 l se0 120 4 w20 780t o0 60 25" -0
) 12 : 850 | w0 30 ot 860 50 70 35 -60
10 13 i 1335 4‘ pl)o “00 : e 940 350 90 3] -35 ‘
11 1o b O Y S SO 1050 1ot IS LI 6 -3
12 \s i 2700 1910 Lo 1o 1132 1z 130 S 30
13 16 | 78y 2ete | eet 185 1220 1n 185 ) -25 '
14 18 ! 3325 2540 1140 R 1365 1 280 as -20
15 20 bossay 1 ez00 1455 3as 1602 R $.1¢ 160 s
16 22 | 1730 4ty 72560 1875 1090 $30
17 23 ' J 1840 540 R 1215 720
18 2 { | 1860 0 r 1930 L 1395 370
19 ETE i 1935 19 boena 1550 935
20 25 i l | I
; . X ' ;
bo— o e — S S — e —_— - e
lac. ﬂ-Lu.aJ Stialn Lage Numbors
“y pur i el - - —— - —
S Rtitoti U S o SN ok SO SO S i
1 0.15 | N 0 0 ) : o o ., o o o !
2 2 s 0 - Sy : 20 ! 0 0 I o 15
3 “ 15 o -i0 4 : sa wo ! 2 ! 0 40
4 e 0 s S 60 80 I wy ! 30 ; -10 60
s 8 25 -10 -30 80 11s o120 ' 60 | 20 80
6 9 L -0 -35 1105 160 1 00| 80 25 100
3 10 3 1 -10 -40 125 2 vo2is 1 100 -30 1o - |
8 11 50 . -10 -40 160 220 1 43 L' e =35 140
9 12 70 T -40 230 340 i 5BS i 185 -40 165
10 13 %0 -10 -40 320 220 1 740 1 205 -30 205
1 14 125 - s -40 430 s6s | 910 boaes -20 305
12 15 155 0 40 525 665 | 1050 245 0 440
13 16 210 5 -30 620 790 1210 280 135 600
14 18 300 25 -20 760 960 1820 1 325 255 865
15 20 400 50 -5 1040 1290 | 1620 385 360 1110
16 22 - 465 90 5 720 1430 1820 365 420 1280
17 23 530 140 35 600 1460 1810 340 420 1330
18 23 590 250 8d 570 1425 1770 335 420 1310
19 24 605 285 95 560 1550° 1875 370 435 1366
20 1920 1400
— - <




TABLE B.12.

308.

2 CENTERLINE STRAIN DISTRIBUTIUN AND BEAM DEFLECTIONS
- -
Inc. Strain (in/in x 105)
1 2 3 5 6 7 8 9
i 0 0 0 0 0 0 0 0
ii 77 . 66 50 3 0 3 1 1
1 193 160 150 43 30 34 31 37
2 191 158 . 129 46, 37 Y43 38 43
3 179 150 123 49 . 42 47 44 49
4 168 139 121 52 49 54 51 . 56
5 156 131 112 52 55 61 63 63"
6 150 125 109 55 61 66 ‘65 ‘67
7 139 ‘116 10% 56 64 . 69 68 71
8 119 104 96 57 69 74 73 77 -
9 85 85 87 57 74 79 79 81
10 14 38 66 53 82" 88 87 89"
11 -93 -32 © 30 90 96 94 97
12 -152 -73 9 ﬁ 96 102 101 106
13 -221 -124 -19 40 108 112 - 111 116
14 - =367 =228 -79 29 12& 132 132 137
15 -629 -405 -178 16 152 F 157 157 163
16 -113% -775 1 =421 " 210 198 205 204 210
17 -1731 | -1325 -899 -108 242 251 251 258
18 -1891 | <1475 | -1064 -141 256 265 265 271
19 -1885 -1609 -261 314 324 322 330
20 - -1919 ) ‘

(i) Before Release;

(ii) After Release;

(-) Tension

—

Ipc. Load Deflection (in)
L (kips) North ¢ South
1 0.15 0.00" 0.00 0.00
2 2 .04 .05. .04
3 4. .10 .12 .09
4 6 .16 .18 .15
5 8 .22 .25, .21
6 9 . .26 .32 .26
7 10+, .30 .32 .29
"8 11 .36 L4l .34
9 12 .41 .47 .40
10 13 .52 .61 .50
1 14 .67 .81 .66
12 15 .80 .97 .77
13 16 .97 1t18 .94
14 18 1.26 1.57 1.25
15 " 20 1.76 | 2.28 1.74
16 22 2.99 3.74 2.97
17 23 3.95 5.00 3.95
18 23 4.:25 5.44 4.29
19 24 5.65 7.55 1 5.77
20 25 8.45
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TABLE 3.13.1

E

8

“

R
LECTRICAL STRAIN CAGE MEASUREMLNTS (MICRO XR.JES PER INCH)

BEAM NO, 13-16-6-P

310,

Inc. Load 1 S(rqln Gage Numbers
No. Seck I 1 2 f 3 . T s 6 7 s | 10 ‘
1 0.13% 0 o 0 0 0 0 o o o !
2 2 60 5s ss 35 5 40 30 5 { 0 ’
i} & 140 135 130 80 15 - 235 80 20 5 |
i 6 225 220 215 <135 35 845 215 60 15 ‘
5 8 s 300 125 190 65 1135 365 135 25
6 9 370 365 435 235 235 1240 500 180 | 30 !
7 10 440 433 575 270 400 1365 655 200 | 40
8 11 670 62% 770 320 600 1580 855 210 : 45 '
9 12 970 * 820 935 370 730 1720 1005 230 | sy
10 13 1345 1080 1090 450 340 1820 1130 250 f 65
11 14 1820 1620 1315 635 1935 " 2005 1285 290 TS
12 15 2135 1975 1475 735 ‘1135 2140 1390 320 FTR
13 17 3150 3160 1940 1055 1375 8800 1690 a05 ; s
14 19 4800 4230 2703 1470 1800 19480 2065 $30. ! 20 |
13 20 5585 5030 3950 1620 1920 19700 2119 910 520 |
16 21 7790 3475 1855 2035 19800 2120 1400 1225
1?7 22 a0 3670 1875 2105 21102 2095 1530 1390 ° -
18 23 106266 4070 1935 2200 23600 2130 1779 1700 ‘
19 24 f
- Inc. lLoad Straln Cage Numbers
o oer 7 R A L
Jack | 11 13 14 15 17 18 19 21 22 T 23
1 0.1% 0 0 [ 0 0 a 0 a o | o
2 2 -40 s S -5 10 15 30 10 0 20
3 4 -255 10 S -10 20 35 70 25 0 50
4 6 -1370 10 0 -20 30 50 110 55 -5 133
s 8 -340 15 o " -30 40 75 155 180 5 90
3 9 -230 20 -5 -40 50 110 225 260 20 105
7 10 -120 35 0 -40 65 150 305 290 20 115
8 11 -210 55 [+ -40 90 215 460 360 25 13¢
9 12 -305 75 0 -45 135 285 . 600 400 30 160
10 13 ~310 100 S} ~45 190 375 735 430 25 200
1 14 -320 150 s -45 250 500 900 465 30 310
12 15 -325 190 10 -45 290 575 1020 490 40 390
13 17 - 340 295 25 - -35 370 735 1310 545 140 660
14 19 -15 330 30 ~40 410 1010 1715 600 205 925
15 20 -110 350 40 -40 365 1105 1840 570 215 1005
16 21 600 425 60 -35 390 1065 1915 570 260 1110
17 22 -430 460 80 -25 415 1040 1975 685 290 1110
13 23 -240 485 93 -15 460 1035 2120 178 310 1145
19 24




CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

311.

TABLE B.13.
‘Inc. Strain (in/in x 105) ]
1 2 3 5 6 7 8 9
i 0 0 0 Ov 0 : 0 0 0
i1 88 72 55 11 -3 @O 1 2
1 217 176 130 68 29 41 37 34
2 212 173 129 72 35 47 4, 43 39
3 201 165 125 73 42 53 50 4s
4 189 158 118 76 49 60 56 51
5 180 150 112 79 57 68 63 59
6 170 143 | 109 83 62 72 68 65
7 159 136 106 83 67 T 76 72 69
8 132 121 98 83 73 82 78 75
9 98 102 92 81 80 87 84 81
10 50 71 78 78 87 93 90 87
11 -24 21 53 76 94 100 97 97
12 -57 -4 40 74 102 107 104 105
13 -166 -103 -13 61 122 128 124. 127
14 ~289 -240 -89 36 . 147 151 150 153
15 -365 -324 -136 26 159 *165 163 166
16 -542 -537 -256 -2 183 181 177 191
17 -622 -630 -308 -14 195 202 198 203
18 -742 -782 -399 -37 214 222 218 224
19 .
(1) Before Release; (ii) After Release; (-) Tension
>
Inc. Load Deflection (in)
(kips) North ¢ South
1 0.15 0.00 0.00 0.00
2 2 .04 .04 . .04
3 4 .10 .11 .10
4 6 .16 .18 .16
5 8 .22 .25 .23
6 9 .27 .30 .27
7 10 .31 .36 .31
8 11 .37 .43 .37
9 12 YA .50 44
10 13 .55 .65 .54
11 14 .72 .86 .71
12 15 .82 .99 .81
13 17 1.14 .1.39 1.12
14 19 1.58 1.90 1.61
15 20 1.85 2.28 . 1.87
16 21 2.48 2.86 1.48
17 22 2.74 3.41 1.69
18 23 3.15 3.84 3.16
19 24 6.48
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TABLE B.14.2  CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS
: - - ——s
Inc. _ straif /in_x 107)
1 2 3 4 5 6 7 8 |
1 0 0 0 0 0 0 0 0
ii 84 69 45 6 5 -2 1 2
1 201 166 | °117 42 54 32 42 45
2 200 166 118 42 57 38 48 51
3 188 158 113 41 59 44 53 57
4 176 148 108 42 64 51 61 64
5 165 140 103 43 66 58 67 69
6 158 135 99 43 69 63 71 74
7 150 129 96 42 69 67 75 76
8 135 120 91 42 69 72 79 83
L9 113 108 85 42 70 76 83 87
P10 66 79 72 42 70 82 88 92
Pl -4 26 31 38 69 91 97 100
|12 -47 -12 16 32 66 100 104 108
' 13 -109 -68 -32 33 59 108 113 118
L 15 -215 -175 -126 -23 50 127 131 137
|17 -420 -374 -291 -99 27 156 161 167
L 19 -950 -825 ~742 -327 -58 221 223 236
20 -1045 | -1023 -818 -365 -72 236 243 253
21 -1280 | -1305 | -1027 -465 -111 265 273 283
22 -1660 | -2045 | -1617 -665 -191 311 315 328
23

(i) Before Release;

(ii) After Release;

(-) Tension

Inc. Load Deflection (in)
(kips) North ‘. South
1 0.15 0.00 0.00 0.00
2 2 .03 .04 .03
3 4 .08 .10 .08
.4 6 .14 .17 .14
5 8 .20 .34 .20
6 9 .23 .29 .24
7 10 .27 .32 .27
8 11 .32 .38 .32
9 12 .37 .45 .37
10 13 .45 .56 .46
11 14 .63 .79 .64
12 15 .76 .95 .76
13 16 .93 1.16 .93
15 18 1.23 1.53 1.21
17 20 1.80 2.26 1.77
19 22 3.33 4.23 3.31
20 . 23 3.60 4.59 3.59
21 24 4.22 5.36 4.18
22 25 5.49 7.32 5.30
23 25 10.28
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TABLE B.15.2

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

3l17.

! >
Inc. Strain (1n/1;‘x 105)
1 2 3 4 5 6 7 8
i 0 0 0 0 0 0 0 0
ii
1 179 143 107 31 44 26 40 32
2 175 140 105 35 46 32 42 36
) 165 131 100 « 33 48 36 48 42
4 153 123 94 33 52 42 55 50
5 142 115 89 34 52 49 61 56
6 133 110 87 34 54 54 65 60
7 126 105 85 34 56 57 68 64
8 107 95 " 80 36 56 62 74 69
9 84 83 85 34 56 66 77 72
10 43 58. 65 34 58 69 79 75
11 ~-142 -49 16 34 55 -79 87 83
12 -219 -90 -11 39 52 87 95 91
13 -353 -166 -54 21 58 99 105 101
14 -469 -237 -91 4 44 108 114 111
15 -577 -306 -131 -16 40) 117 124 120
16 :
-
j(1) Before Release; (ii) After Release; (-) Tension

~

/.‘
{

Inc. Lbad Deflection (in)
(kips) North Q South
1 0.15 0.00 0.00 0.00
2 2 .04 .05 .04
3 4 .09 .11 .09
4 6 .15 .17 .14
5 8 .20 .25 |4 .20
6 9 .25 .29 t.24
7 10 .27 .32 .27
8 11 .33 .39 nﬁ§3
9 12 .37 .45 .39
10 13 .46 .54 .45
11 14 .66 .77 .66
12 15 .78 .96 .79
13 16 1.01 1.23 1.01
14 17 1.18 1.45 1.17
15 18 1.37 1.70 1.36
16 19 2.16
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TABLE B.16.1

ELFCTKICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCh

BEAM NU. 16-12-6

3172.

- T

Inc. load Strain Cage Nu-b:t,

No Peck | 1 3 ‘ A 7w 9 i 10 13
1 0.15 0 0 0 0 0 0 0 9. C
2 9. S S 40 20 0 0 5 s 0 10
3 4 140 105 55 -10 10 25 45 20
4 6 220 175 90 -10 ) 60 80 10 20
5 8 300 245 125 -5 70 110 85 15 25
6 9 340 280 140 -5 75 105 s 15 25
7 10 410 345 170 0 90 105 70 15 30
8 11 560 455 195 10 140 - 575 120 €0 20 3s
9 2 810 610 225 20 645 180 55 20 50
10 13 1070 800 260 30 710 300 65 25 60
11 14 1690 1090 310 50 760 925 95 30 s
12 15 2055 1280 355 45 795 1075 140 %0 30
13 16 2620 1555 450 45 825 1210 240 60 s
14 17 3085 1735 545 45 850 1300 285 100 130
15 18 3590 1950 770 45 875 1390 350 155 179
17 20 5340 2735 970 40 870 L1745 915 903 255
18 21 7300 3410 1075 40 895 2005 1125 1460 265
19 22 12290 3920 1180 35 910 2270 1280 2320 309
20 23 14000 4150 1155 25 930 3680 1365 7300 715
21 24 14500 4435 1165 30 1680 1400 14500+ 850
22 24 1360

S I N S -

Inc. Load { . Strain Cage Numhers

No 5:;k ‘ 14 17 18 22
Il 0.15 0 0 0 0
2 2 0 -5 -10 0
3 4 0 -15 -20 -5
4 6 0 -25 -30 -10

e’ 8 0 =35 -40 -15
6 9 0 ~40 -45 -15
7 10 0 -60 -35 -20
8 11 0 -70 40 -30
9 12 s -170 110 -30

10 13 5 =25 150 0

11 14 5 25 235 30

12 15 5 70 305 60

13 16 - 10 125 380 120

14 17 15 155 420 165

1s 18 25 180 470 485 -
17 20 50 335 570 760

18 21 55 415 650 905

19 22 80 475 780 985

20 23 420 520 850 1060
21 24 490 520 900 1110

22 24

a




‘TABLE B.16.

CENTERLIN%YSTRAIN DISTRIBUTION AND BEAM DEFLECTIONS

320.

Inc. Strain (in/in x 105) s
1 2 3 4 5 6 7 8
i 0 0 0 0 0 0 0 0
ii 86 65 45 6 5 -4 -1 2
1 - 199 158 116 39 52 28 40 39
2 196 155 113 33 51 -33 42 43
3 186 147 110 38 54 40 49 49
4 173 138 |~ 103 36 55 47 56 56
5 163 131 98 37 59 53 61 62
6 156 125 94 37 59 & 56 65 65
7 146 119 92 37 60 62 69 69
8 123 106 85 37 62 68 74 74
9 94 91 77 37 64 71 78 79
10 67 72 67 37 62 81 85 86
11 -40 13 36 34 59 87 91 92
12 -108 -35 10 30 59 94 97 99
13 -182 -111 -22 16 54 105 108 109
14 -238 -167 -53 1 51 113 115 116
15 -285 -225 -90 -25 43 115 126 128
17 -453 ~-462 -208 -97 18 154 156 158
18 -620 -679 -324 -171 -9 178 181 185
19 :
20 N
“.21
(i) Before Release; (ii) After Release; (-) Tension

Inc. Load Deflection (in)
(kips) North G South
1 0.15 0.00 0.00 0.00
2 2 .04 .05 .04
3 4 ..09 .12 .10
4 6 .15 .19 .16
5 8 .22 .25 .20
6 3 .24 .28 .24
7 .28 .34 .30
8 il .34 .40 .35
9 12 /S § .48 .40
10 13 - .51 .59 - .51
11 14 .72 .85 .73
12 15 .86 1.03 .87
13 16 1.09 1.29 lxg9
14 17 1.23 1.51 1.23
15 18 1.41 1.75 1.41
17 20 2.05 2.54 2.07
18 21 2.68 3.30 2.64
19 22 3.70 4,52 3.60
20 23 4.21 5.44 4.23
21 24 4.89 6.17 4.78
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TABLE B.17.1

.

ELECTRICAL STRAIN CAGE MEASUREMENTS (MICRO INCHES PER INCH)

BEAM NO. 17-16-4
Lac. Load - Strain Gage Number
No. per =
Jack 1 A 6 7 8 1) 15 16 2i
1 0.153 0 0 0 o 0 0 o 0 -0
2 2 30 20 -5 10 0 10 ) -5 -10
3 4 80 45 -15 40 10 30 5 -15 -30
4 6 125 70 -30 80 20 90 5 -25 ~45
s 8 170 100 =35 8s 35 125 10 -35 -60Q
6 10 220 135 -40 105 45 160 10 -50 -85
7 12 275 170 -40 155 55 150 15 -60 -110
8 14 340 220 -40 200 55 130 ‘20 -65 155 ¢
10 16 415 270 -20 485 '900 150 25 -75 -150
12 18 710 320 240 645 1070 160 30 -70 —reu
14 2 1380 470 305 . 300 1260 255 55 -70 -105
13 21 1680 " 670 320 -880 1350 325 85 -60 -100
16 22 1890 750 310 935 1415 3557 100 -60 -100
18 24 2650 1025 325 1155 1545 460 220 -40 -0
20 26 3205 1290 365 1385 1680 555 400 -30 80 -
21 27 3610 1470 370 1445 1750 555 495 -20° 180 .
22 28 4000 1670 370 1485 1820 540 655 -15 180
23 29 4865 2160 360 1505 1950 450 88% 0 23C
24 10 6100 2710 340 1475 2105 425 1085 70 210
25 31 7800 ] ) 1620 2275 420 1215 210 200
——— s S -s-—i—‘—‘ === - ———y
lnc. Load
No per - T T T -
Jack 23 h} 26 29 37 38 39 40
’_——~1 1 0.15 0 s "o o 0 0 0
2, 2 -5 a - 10 -15 -35 -10 45 40 10
3 4 -16 10 -ﬁg‘ “0 -30 -85 -30 120 100 25
4 6 -15 15 -75 80 -55 -150 -50 200 175 40
s 8 -20 10 -100 120 -65 -205 -70 280 235 60
6 10 -25 5 -130 200 -180 ~290 -110 405 305 85
7 12 -30 S +160 325 -90 -380 -150 600 400 110
8 14 =35 40 -200 490 -80 -490 -225 870 525 155
10 16 -35 125 -240 750 -70 -635 -27% 1360 700 180
12 18 =35 430 -265 850 -40 -780 -300 1735 1060 200
14 20 30 595 -295 © 1135 30 -975 -240 2090 1425 280
15 21 440 625 -305 1340 70 -1650 -205 2310 1635 350
16 22 570 650 -320 1420 95 -2165 -185 2475 1790 460
8 24 755 710 -310 1690 150 -3475 -125 2895 2220 630
20 26 925 740 -30% 2050 2)0' ~-4850 -35 210 2680 750
21 27 980 755 ~245 2185 290 ~5800 -5 3250 2710 ‘805
22 28 1025 765 -125 2260 350 -7100 15 3240 2740 865
23 29 1075 745 -30 2285 415 -10100 40 4500% 2800 945
24 30 1115 700 -25 2275 570 -18800 -70 13500 2800+ “1200%
25 3 1160 840 -45 2290 865 -21400 -350 23300 3015 1370

322.




TABLE B.17.2

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

323.

Inc. Strain (in/in x 105)
1 2 3 5 6 7 8 9

i 0 0 0 0 0 0 0 0
it 91 74 51 12 - 3 -2 -3 -3
1 169 148 ‘110 45 26 27 26 26
2 170 149 110 45 28 30 28 29
3 162 143 107 47 32 34 33 35
4 155 137 103 48 36 39 - 38 42
5 150 132 101 .51 41 43 42 47
6 142 126 97 51 44 47 45 52
7 133 121 95 54 49 52 51 58
8 124 115 91 54 55 57 56 63
10 110 105 85 56 60 63 62° 69
12 75 86 77 57 65 68 67 74
14 -1 45 61 58 ‘71 74 73 81
15 -77 12 44 54 79 82 80 89
16 -138 -11 31 52 85 87 86 95
18 -223 -56 -5 40 101. 103 103 111
20 -323 -109 YA 21 118 | 122 121 129
21 -380 -139 - -66 11 125 128 129 136
22 -438 -167 -87 4 134 137 135 144
23 -486 -213 -120 1 -11 145 149 148 156
24 -750 -316 -185 -32 158 162 162 169-
25 ’ )

(1) Before Release;

(ii) After Release;

(-) “Tension

-
Deflection (in)

Inc., Load
(kips) North C South
1 0.15 0.00 0.00 0.00
2 2 .02 .00 .00
3 4 .04 .03 .03
4 6 .07 .06 .05
5 8 .09 .09 .07
6 10 L11. .12 .10
7 12 .15 .16 - .13
8 14 .18 .20 .16
10 16 .23 .26 .21
12 18 .28 .32 .26
14 20 .37 A < 36
15- 21 .47 .58 .46
16 22 .54 .67 .50
18 24 .70 .90 .68
20 26 .90 1.17 .88
21 - 27 1.01 1.31 1.00
22 28 1.13 1.48 1.12
23 29 1.33 "1.73 1.33
~ 24 30 1.63 2.09 1.60
25 31

2.75




p—91—/| weag 10} suoed07] 9BRT) UIRNS PUE S|IBJBQ JUBWEIIOBY  L1'8 FHNDIL

i - AT 8 U =S TR b SL-S BE LBILL,
) v 3
o WA SPUBLS .8/ - §
e £H#e
Q ||OBPR|IB] =+x\
. ) \ X
HY X =
1 n X et
S3I0K .91 x .8 Jf Op | Av@
SO Z
68 06|® o+’
E#y
’ BILL=S T#|
T
weag By g :1 .02




TABLE B.18.1

ZLECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER 1INCN)

18-16-4

325.

loc. Loed Strain Cage Nuster
Bo. :::k '
1 4 6 1 ) 13 15 16 21
1 0.17 ° 0 0 0 o 0 0 0 0
2 2.5 s 40 -13 10 s 35 ) -10 ~25
3 s 110 75 -30. 15 15 60 10 -1% -30
4 7.5 165 ,110 -50 s 30 33 13 -30 -70
s 10 220 155 -60 10 40 &5 20 -30 -100
6 12.5 290 210 -70 100 .0 130 28 -60 -125
7 15 360 370 -60 470 728 380 30 -438 -135
s 18 745 610 -50 600 995 3300 ss -a0 -125
9 20 1180 665 750 125 | 1978 150 -20 -130
" 24 2240 8ss 875 970 1505 625 -15 -150
12 26 2840 945 940 1110 1630 760 -5 -160
14 30 4635 1120 965 1650 1820 1243 10 -185
13 32 5810 1225 835 1725 1910 ¢ 1465 25 2190
17 34 8900 1340 700 1760 2040 1800 k1 -200
19 36 13160 1430 535 1790 2100 4100 s -205
21 37 14300 1520 405 1770 2050 8200 63 -210
22 38 _ 1335 330 1763 2035 8930 70 -205
23 0 11930 -810 250 -20 210 590 7690 140 50
24 20 o 250 1000 1060 100 -105 .
23 30 1263 293 1535 1393 80 -135
- »
Ine. Load Strain Cage Number
Ko per -
. Jack 23 24 29 30 31 32 37 38 39 40
1 0.17 ) ° ° 0 o ° 0. 2 )
2 2.5 -3 15 -65 -20 -50 -20 8s 75 3
3 [ -15 30 -120 20 -3s -110 -50 180 220 50
A 7.5 -15 40 -17s s -45 ~16% -80 320 310 0
s 10 -20 40 -238 100 -A5 -240 -12% 555 395 120
6 12.5 -13 3s -300 170 -30 -310 -150 780 325
? 13 295 45 -370 305 10 -390 -165 995 620
[ 18 640 530 433 405 190 -440 -165 1245 910
9 20 720 615 -430 410 280 -583 -130 1400 1090
11 24 910 733 -58S 520 355 -600 -100 1730 1400
12 26 1000 790 -6560 590 390 -570 -65 1870 1590 950
14 30 1170 910 -990 170 520 -210 60 2030 2045 1100
13 32 1270 970 -1135 820 620 -105 108 2110 2230 1170
17 34 1405 1010 -1350 913 750 1s 120 2210 2430 1255
19 36 1533 1040 -1525 990 873 453 115 2300 2623 1330
21 37 1595 1060 | -1603 1030 1040 870 as 2390 2710 1385
22, 38 1383 1053 ~1590 1030 1085 925 40 2390 2700 1393
23 0 470 150 | -80 130 310 910 150 a10 80 -10
24 20 1065 630 -1010 510 710 943 170 1580 1500 6453
23 30 - 1340 900 -1600 803 945 970 40 1930 2270 1130




TABLE B.18.2

©

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

.

326.

Strain (in/in x 105)

Inc.
1 2 3 5 6 7 8 9
i 0 0 0 0 0 0 0 0
i1 105 83 58 9 -1 -1 0 -4
S 187 159 118 53 33 33 28 27
2 183 157 117 55 40 39 35 32
3 173 150 113 58 44 43 40 4a
4 166 143 109 60 48 48 45 44
5 154 136 103 62 53 54 51 50
6 136 130 100 63 58 59 57 57
-7 132 120 93 64 63 67 63 63
8 78 90 81 66 70 73 71 72
"9 11 50 66 62 81 83 83 84
10 ~-136 -11 39 57 91 91 92 93
11 -193 -60 8 54 104 104 104 105
12 -369 -126 -30 44 "114 116 117 116
13 -413 -221 -70 40 126 127 129 130
14 -568 ~-336 -126 37 138 139 142 142
15 ~759 -474 ~-191 36 155 157 165 161
16 -917 -582 ~243 33 166 169 174 171
17 -1347 -855 ~451 25 189 196 200 201
18 -1205 -496 9 220~ 229 235 236

(1) Before Release;

(i1) After Release; (-) Tension .-

Inc. Load Deflection (in)
(kips) North ¢ South
1 0.17 0.00 0.00 0.00
2 2.5 .04 .04 .03
3 5.0 .07 .07 .06
4 7.5 .10 .11 .09
5 10.0 .14 .16 .12
6 12.5 .17 .21 .16
7 15.0 .23 .26 .21
8 18.0 .31 .36 .29
9 20.0 .40 .51 .39
11 24.0 .67 .88 .65
12 26.0 .81 1.06 .78
14 30.0 1.24 1.61 1.20
15 32.0 1.49 1.91 1.43
17 34,0 2.10 2.89 2.10
19 36.0 3.36 4,84 3. 39
21 37.0 4.34 6.26 4,54
22 38.0 5.17 7.71 5.26
23 0.17 2.71 4,24 3.82
24 20.0 4.00 6.03 4.08
25 30.0 4.75 7.11 4,82
26 38,0 9.16
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’

TABLE B.19.1

ELECTRICAL STRALN CACE MEASUREMEN1S

(MICRY INCHES PER INCH)

BEAM NO. 19-16-6
- .
Inc. :::d S‘i:l“ Gage Number
No. | Jacx 1 3 . s 6 7 s 9
1 0.13 0 0 o | o 0 0 0 0
2 2 ‘s 20 0 20 b 15
3 . 95 55 -s 30 50 -5 40
‘ 6 155 8s -8 310 200 - s 60
s 8 210 120 -5 500 355 0 7
6 10 3104 150 s 680 630 70 90
7 11 410 180 15 770 750 100 100
8 12 490 195 30 840 545 145 113
9 13 715 215 35 920 920 175 135
10 14 985 240 60 1000 13 285 175
1 16 1380 320 70 1175 1160 430 295
12 18 1703 390 55 1310 1333 470 370
13 20 2160 850 30 1450 1575 $40 610
14 22 2970 1230 0 1645 19153 620 200
15 23 3560 1455 -30 1780 1915 650 735
16 23 3810 1516 43 1875 1950 675 730
17 24 3930
L - L - -
Inc. Load Strain Gage Number
No per - T
Jack 11 12 13 15 16 L7 19 20
1 0.15 0 0 0 0 o 0 0 0
2 2 0 10 15 0 -10 -15 0
3 4 10 25 40 0 - -20 -3 -s
4 6 10 ~50 40 s -35 -85 -10
s s 15 -73 50 10 =50 =13 -20
6 10 25 110 40 15 -70 -115 -40
7 11 0 -135 40 15 -80 -140 -30
) 12 30 -155 0 20 _8s -135 -3
9 13 35 -180 10 20 -90 -150 75
10 14 40 -205 93 20 -100 -160 180
1 16 55 -255 185 30 -95 -150 280
12 18 65 -300 " 310 40 -100 -135 345
13 20 130 -365 $90 80 -100 -20 425
14 n 390 425 720 113 -100 200 465
15 23 595 -460 775 130 -100 290 480
16 23 690 -470 770 130 -85 285 450
[

Continued: -



TABLE B.19.1

-

ELECTRICAL STRALIN GACE MEASUREMINTS (MICRO INCHES PER IHC‘N)

BEAM NO.

19-16-¢

Inc. lLoad Strain Cage Number

No. Sk | 21 23 % | 2 | 2 2 30 3
1 0 0 0 o 0 0 0 o
2 2 -15 o s -3 1s .18 18 -3
3 4 -40 -5 10 -90 40 ~40 3 -20
4 6 -10 -18 10 150 100 -0 30 -3
s 8 -9s -20 s -200 160 -80 35 40
6 10 -130 -25 0 -270 285 105 30 -0
? 11 -15% -30 0 -310 390 110 35 -40
s 12 -170 -3 0 -340 300 -120 s 38
9 13 _20¢ -40 0 -370 610 S120 ss =33
10 14 -215 -45 15 -590 780 .12 % -20
11 16 -23s -50 40 ~aes | 1130 -120 290 40
12 18 -210 10 120 -460 1420 -120 4ss 100
13 20 195 760 325 -540 1920 -105 615 200
14 22 -180 860 a8s -400 2090 -70 63 | 300
15 23 -170 970 |o 553 -350 2135 -20 610 355
16 23 -17s 1000 565 -340 2180 +30 585 PELS

17 24

Inc. load Strain Gage XNumber

No per -—— r——"7 -

. Jack 32 33 % 37 e ,{L,-LJ_.._ o

1 0.1s 0 0 0 o o ° 0
2 2 -32 s 75 0 s 15 s 10
3 . -95 15 190 10 110 129 15 0
4 6 -17% 15 30 |. 20 180 220" 10 250
s s -250 10 520 30 250 310 20 365
6 10 -35% 15 870 23 350 485 30 475
7 11 -415 50 1275 25 425 610 40 545
8 12 -465 95 1500 20 535 700 as 590
9 13 -530 170 1750 10 755 835 50 630
10 14 -610 310 2065 0 985 1050 70 690
11 16 -760 600 2640 30 1373 1325 100 820
12 18 -905 830 3110 210 1740 1600 140 945
13 20 -223% 1295 17000 43 2225 2195 255 1065
14 22 -4205 1870 22890 680 2805 2640 570 1250
15 23 -5325 2275 23800 800 3280 2943 700 1350
16 23 -5900 2440 26375 860 3235 2970 770 1480
17 24 :

328a.



329.

TABLE B.19. ‘" CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS
}nc. Strain (in/in x 105)
1 o 3 s 6 7 8 9

i 0 0 0 0 0 0 -0 0
i1 81 70 50 78 1 0 -1 -3

1 175 153 114 52 33 31 21 27

2 173 152 114 54 38 37 25 31

3 162 144 - 108 57 45 46 32 38
-4 150 137 103 " 59 53 52 39 45

b 139 128 97 61 58 58 46 51

6 125 118 90 63 65 66 S4 61

7 115 109 86 64 70 70 59 65

8 83 94 79 64 74 75 64 71

9 37 69 68 64 79 80 70 76
10 ~25 28 40 58 92 93 84 89
11 -118 " =35 -12 46 112 115 105 109
12 ~225 -100 -66 38 129 131 122 126
13 -345 -205 -153 28 154 157 147 153
14 -595 -404 -809 -39 222 227 230 224
15 . -1154 -1364 -233 333 342 336 343
16

17

(1) Before Release; (ii) After Release; (-) Tensiom

-

Deflection (in)

Inc. Load
(kips) North Q South
1 0.15 0.00 0.00 0.00
2 2 .02 .03 .02
3 4 .06 .08 .06
4 6 .11 .13 .11
5 8 .16 .18 .16
6 10 .23 .25 .23
7 11 .28 .30 . .28
8 12 .32 .34 .32
9 13 .37 .40 .37
10 14 .49 .53 .49
11 16 .73 .80 .73
12 18 .96 1.04 .96
13 20 1.36 1.48 1.36
14 - 22 2.22 2.43 2.24
15 23 3.76 4.17 3.76
16 23 4.69 5.27 4.60
17 24
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TAMLE B3.20.1

ELECTRICAL STRAIN CACE MEASUREMENTS (MICRO INCHES PER INCM)

131,

BEAM WO. 20+26-%
.-Tr*_ RS (S ——— —
lac. Load Strain Cage Number
do. per - - - -
Jack 1 4 6 7 [} 13 15 16 23
1 0.13 [ o [ ] [ ) (1] 0.
2 1 23 19 o] 13 [ 1% [) o [}
3 2 S0 28 0 40 '} » ] [} 0
L] 3 80 %) 0 90 - ™ [} 1] -3 -3
3 b 110 60 o 170 0 160 b) -10 -10
Y 6 175 100 3} 370 20 165 ¢ 10 -20 -13
9 8 230 135 S 480 80 1%0 10 -3 -2y
11 10 30% 180 13 680 279 155 13 -390 «30
12 11 159 208 10 803 190 165 s -60 -3
13 12 s 945 435 170 20 -60 -33
14 13 [ 1060 A70 185 20 -63 -30
13 14 S 1220 510 210 20 -170 -30
16 15 10 131% 570 250 25 -83 “20
17 16 10 1440 640 %0 30 -%0 b3 )
18 17 20 1540 69% 410 «0 -90 210
19 18 20 1670 760 480 %0 -90 300
20 19 590 1843 830 700 50 -10 s
21 20 . 710 1950 920 825 60 -25 435
22 21 825 2080 " 1025 1190 80 60 510
23 22 140 530
- .
Inc. Load Strain Gage Number
No per o T
Jack 24 29 30 1 32 37 1] A9 40
—_— —
1 0.15 o 0 0 0 0 0 0 0 0
2 1 -3% -10 20 -5 -30 ) e 40 30 0
3 2 -20 -2% 45 -10 ~n§9 -30 L] (1} -5
. 3 25 -35 80 ~20 -120 -30 150 113 -10
s 4 135 -50 115 -30 -175 -50 215 170 -15
7 6 -7% 205 -30 -310 -100 373 390 -30
9 8 -100 340 -50 ~460 -160 613 685 -40
11 10 -125 570 0 -700 ~225 1090 1005 ~-60
12 11 ~135 71% 80 -870 -250 1410 1283 -15
13 12 -1130 860 115 -990 -25%5 1675 1465 -90 4]
14 13 -125 1010 170 ~1155 ~250 Q975 1680 -850 «t
13 14 125 b ng) 250 ~1320 -210 2330 1920 -80
16 15 -110 1545 295 -1085 -205 2660 2110 -65 ’
17 16 -60 1710 350 -1100 -165 2995 12378 -50
18 17 -35 1895 395 -1260 -140 3300 2660 15
19 18 -20 1950 440 -1695 -85 3260 2840 4s
20 19 25 1083 $00 ~3000 ' 100 7250 3010 5S
21 20 7S 2045 730 -4500 215 19900 3090 90
22 21 365 2120 920 |-14000 320 22900 3060 185
23 22 1010 2205 1110 200 3050 250
4

>



TABLE B.20.

\

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS -

N

a

332,

Strain (in/in x 105)

Inc.
1 2 3 &Y |16 o 7 8 9
i 0 0 0 0 fg,i‘ 0 0 0
it 90 71 45 12 p 3 0 9 -2
1 209 171 130 ' 60 48 41 33 22
2 210 172 131 61 50 43 35 24
3 207 171 130 61 52 46 38 27
4 204 168 128 61 54 48 41 31
5 199 163 126 63 56 51 44 34
7 189 156 121 64 62 57 Y0 42
9 181 149 117 65 66 62 55 | 49
11 170 142 112 69 72 b8 62 57
12 163 137 108 68 76 1 65 . £2
13 157 133 107 71 78 “ 69 "
Liae 136 123 103 72 81 77 72 be
15 92 102 95 71 87 83 8 75
16 44 78 85 69 92 88 83 K2
17 -18 32 59 64 102 o '8 94 | a3
18 -66 -2 40 61 108 1.4 100 38
19 -10% -33 20 59 116 11z 109 108
20 -168 --=79 -8 55 127 122 120 119
21
22
23

(1) Beforg Release;

(ii) After Release;

(-) Tension

Inc. Load Deflection (in)
(kips) | yoren ¢ South
1 0.15 0.00 0.00 0.00
i 1 .01 .01 .01
3 2 .03 .03 .03
4 3 .05 .05 .05
5 4 .06, .07 .06
7 6 J11 .12 .11
9 g .15 .17 .15
11 10 .22 .24 .22
12 11 .27 .29 .27
13 12 .31 .34 .31
14 13 .36 .39 .36
15 14 A .48 44
16 15 .51 .55 |x- .51
17 16 J64 1| .64
18 17 .73 ¥, 82 .73
19 18 .84 .94 | . .84
20 19 1.02 1.15 1.02
221 20 1.21 1.35 1.21
22 21 1.51 1.67 1.51
23 22 ' 2.13

by

3

Mo
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. .
TABLE B8.21.1 ELECTRICAL USTI.AH( GAGE MEASUREMENTS (H‘lClO INCHES PER INCR)
‘ BEAM NO. 21-26-5
O
Ine. . Load Strain Gage Numbers -
No. per T
| Jack 1 4 6 7 8 13 15 ©16 21
1 0.15 0 o ) 0, ) 0 0
2 2 43 .25 0 40 o |- so -5 -15
3 4 115 55 -5 155 15 | s 5 -20 -25
. 6 180 95 -5 363 53 140 10 -40 -5
5 8 245 135 -3 560 275 118 13 -5 -20
6 10, 330 225 0 765 #ne 125 15 270 0
7 11 385 285 e 81s 510 135 20 ~80 30
8 | 12 430 460 0 ass 565 155 > 25 -85’ -85
9 13.5 600 575 15 1065 590 205 35 -85 215
10 15 900 615 20 1225 625 s 40 -105 200
11 16.3 1683 715 50 1410 680 530 60 -125 225
12 18 2095 805 30 1855 740 630 75 -140 200
13 19.5 2710 91s 35 1680 850 900 115 -155 145
14 21 3438 1025 50 1830 930 1185 240 -16% 20
15 22.5 4300 1120 390 1935 1040 1845 370 -220 -15
16 26 5580 1225 680 1975 1160 1990 545 -27s -80
18 26 11900 1360 640 1995 1345 2300 1345 255 -15
19 27 16650 1480 580 1990 1420 2440 1800 -17% 350
20 28 19900 1610 340 - 1965 1475 1890 -45 1025
21 29 24000 ] . )
loc. Load Strain Gage Numbar v _
No. per
Jack 23 24 20 30 n 32 37 38 39 &0
1 0.15 0 0 0 0 0 o 0 0 0 o
2 2 -5 10 -30 30 -10 =55 -15 65 73 o
3 . -s 3s -80 90 -23 -150 -33 310 250 0
4 6 -5 78 | -130 185 -15 -263 -63 400 615 s
s s s 128 -17s 290- -5 -375 -85 630 s7s 13
6 10 140 240 -230 423 40 -525 -85 940 820 23
7 1 * 270 410 -263 540 85 -615 -43 1130 955 40
) 12 © 630 505 2298 635 130 -690 -{s 1240 1043 s
s 13.5 785 590 -325 810 220 -79s 40 1550 1185 105
10 1s 908 - 695 -35% 920 . 290 -865 105 1590 1365 135
1| e, 1055 f. 795 J3a0 1043 70 -960 195 2020 1585 180
12°. 17 117s ; 863 -345 1125 435 -1435 285 2218 1775 230
13 19,8 1325 93s ’ -338 1275 500 -2410 390 2440 1990 o
14 2 1470 003 -365 1440 360 -433% 520 2650 2225 365
13 22.5 1590 1060 -390 1625 635 -6030 680 2830 2483 *405
45 24 1665 1128 -420 1015 693 -8030 s10 | 3100 2730 430
18 | 26 1630 1190 -67% 2350 880 . [-11575 | 1245 15960 3120 505
19 27 “1630 1223 -693 2395 98s  |-12150 ~1398 17250 3720 s10
20 28 1683 1060 2465 1233 ,;‘_1\)010 1428 18780 14600 530
[T .
21 29 §>""




‘

TABLE B.21.2 CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

Strain (in/in x 105)

335.

Inc.
1 2 3 5 6 7 8 9
i 0 0 0 0 .0 0. 0 0
11 100 77 56 9 -4 -2 -3 6
1 12 174 130 57 34 32- 35 22
2 .. 210 172 130 61 39 37 39 27
.3 203 | 167 127 63 44 43 45 34
4 190 156 120 65 50 50 52 39
5 184 153 117 68 54, 55 58 46
6 173 A 112 71 60 63 65 54-
7 165. 5,*;3& 108 72 64 67 ' 69 59
8 18y 'ﬁ AL 104 72 67 71 73 63
9 148 | " 122- 100, 73 73 77 80 70
10 113 101 82 69 85 89 92 83
11 40 48 s . 66 96 100 102 95
12 0 17 -30 62 105 110 112 105
13 -63 -28 -70 60 116 120 1214 115
14 -142- -82 -110 57 126 130 131 127
15 -233 -144 -150 56 140 143 144 143
16 -350 -230 -217 54 . 161 165 - 164
18 -803 -604 -617 -7 234 239 242
19 -1181 -912 -969 -70 280 285 . 257
20 -1403 | -1092 | -1077 -97 303 308 . ~ 312-
21 1 :
(1) Before Release; (ii) After Release; (-) Tension
Inc. Load Deflection (in)
(kips) North ¢ South
1 0.15 0.00 0.00 0.00
2 2- .02 .02 .02
3 4 .07 .07. .07
4 6 .11 .12 .11
‘5 8 .16 .17 .16
6 10 . .22 .24 .22 1
7 11 .27 .29 .26
8 12 .31 .33 .30
9 13.5 .37 .40 .37
10 15 . .46 .52 .46
11 16.5 .60 .68 .59
12 18 .72 .82 .71
13 19.5 .86 .98 .85
14 21 1.04 1.19 1.02
15 22.5 1.26 1.45 1.24
16 | . 24 1.54 1.78 1.52
18 26 2.58 3.06 2.52
19 27 3.30 | 4.00.| 3.21
v 20 28 ' 3.88 4.69 | 3.76
21 29 5.19
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TABLE B.22.1

SLAM NO., 22-26-5

ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH)

337.

Inc. Load Strain Gage. Number
No. par
Jack 1 4 6 7 8 13 13 16 21
1 0.15 0 -0 0 o ) 0 [+ [ 0
2 1 23 20 s 20 10 10 o 0
3 2 30 30 s 40 s 30 10 0 -10
[ 3 L} 1. s 100 5 60 10 -10 -20
5 4 120 70 L1 293 10 80 1 4 -13 -23
3 5 150 85 s 440 20 8s 13 - -20 -40
7 6 185 105 s 585 40 90 13 -30 -43
s 7 220 130 ) 673 55 90 20 -35 -s3
] [} 230 143 10 760 100 85 20 -40’ -70
10 9 300 170 15 870 153 85 3 -43 -90
12 11 390 220 30 1170 230 90 30 -43 -80
13 12 440 243 25 1293 253 100 30 -33 -70
14 13 493 270 90 1460 290 118 40 -60 -0
15 14 830 330 133 1675 320 160 40 -s0 -3
16 13 1113 595 165 1820 350 220 45 -40 -3
17 17 1820 703 225 2040 420 43 60 -20 43
18 19 2520 780 280 7250 570 640 78 60 305
19- 20 2800 940 300 14100 650 (T3] 80 113 270
20 21 3550 1480 303 ' 785 (13} 80 230 290
31 22 730
Inc. Load Strain Gage. Nusbers
wo per
: Jack 23 24 29 30 3 32 37 38 19 42
1 0.13 o 0 0 [ 0 0 [+ 0 0 o
3 1 [ -10 13 o -20 -13 a0 30
3 2 0 -25 50 -5 -5 -23 90 7S
s 3 o -s0 100 -10 -100 -ss- 150 130
s 4 -5 ~70 120 -15 -150 -80 225 190
6 s -10 -90 240 -15 -200 -110 310 260
7 6 -1% -10% 320 -20 -260 -140 400 340
s 7 -20 -123 400 -20 -320 -180 533 445
’ s -20 -145 $30 -10 -390 -228 700 630
10 9 -28 -170 703 40 -510 -290 960 860
12 11 -40 -210 1100 210 ~740 -660 1463 1210
13 12 -40 -213 1270 293 -843 -1010 1680 1370
14 13 130 -238 . 1400 410 =950 ~1260 1920 1633
13 14 30 -23S 1700 350 -970 -1420 2220 1860
16 13 700 -220 1913 640 -990 -1610 2470 2070
17 17 1240 -120 2250 880 -1108 -1940 3140 2518
18 19 1360 190 218 1288 -3220 -3150 3430 3133
19 20 2090 3%0 8700 1578 ~4210 -3900 3440 3580
20 21 2278 83s 20420 2360 ~7300 ~3000 3330 6200
21 2
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TABLE B.22. CENTERLINE STRAIN DI%?RIBUTION AND BEAM DEFLECTIONS
Inc. Strain (in/in x 105)
1 2 3 5 6 7 8 9
i 0 0 0 0 0 0 0 0
S 108 87 59 10 - 5 -1 0 - 4
1 222 184 1%6 49 30 -2 25 24 -
2 222 185 136 50 32 -1 28 26
3 218 182 134 | 52 33 1 29 27
4 213 180 132 53 < 36 4 32 30
5 208 174 128 54 37 7 36 34
6" 203 170 127 56 40 10 39 37
-7 198 166 123 56 43 13 42 41
9 189 158 118 58 47 19 48 47
10 182 154 114 58 49 22 51 51
11 176 149 112 60 53 25 54 . 54
12 167 144 109 61 56 27 57 58
13 161 138 105 62 58 31 61 62
14 152 132 103 © 64 62 35 64 67
15 108 109 91 66 68 40 70 73
16 67 82 76 67 72 44 74 77
17 -16 -3 °* 25 f 56 88 ‘59 89 84
18 -93 -83 . =28 47 105 75 106 111
19 -122 -120 -53 46 112 82 112 118
20 -274 -182 -94 40 121 92 123 129
21 )

(1) Before Release; (i1) After Release; (-) Tension

Inc. Load Deflection (in)
(kips) | noren | € South
1 0.15 0.00 0.00 0.00
2 1 .02 T .02 .02
3 2 .04 .03 .03
4 3 .06 .06 |, .05
5 4 .08 .08 .07
6 » .10 .11 .10
7 6 .13 .13 .12
9 8 .17 .18 .17
10 3 .21 .22 .20
11 1G .24 .26 .24
12 - 11 .29 .31 .28
137 1. .34 .36 .33 |
14 13 .39 .41 .37
15 14 &7 .50 .46
16 15 .53 .57 .52
17 17 ‘ .78 .85 .76
18 19 1.09 1.19 1.07
19 20 1.29 1.38 1.24
20 | 21 1.70 1.89 1.61
21 22 2.21
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TASLEL B.2).1 ELLECTRICAL STRAIN GAGE MEASUREMENTS (11CRO INCHES PER INCUMH)
BEAM NO. 2)-16-4
Inc. lLoad Strain Gage Numbers
No. per B e s Sl e T S e
Jack 1 4 L 7 A RA 1) ! 23 Y0
—— et - b e R e ST SRR Rl e ~{L —— - ‘J»—--—~-~‘-
1 .169 0 0 © 0 0 0 0 | TR 0
2 2.5 69 35 -10 10 10 o] 10 ] ¢ ! 10
3 b} 130 63 -5 20 5 -5 15 ' 0 50
4 7.5 189 95 -39 70 3% -10 10 -9 ] 63
b 10 250 1% - 3% 190 5 -10 b ~10 0
6 12.5 320 170 =25 190 » 35 -10 30 1% 1)% |
7 15 410 215 -10 238 13% S 150 AR} 218
8 17 530 385 aro 480 870 LR 285 DA 330
9 19 765 480 1490 S40 980 4% 410 ! 595 590
10 20 107;) 535 1540 575 1030 as 2% : LT £5
11 _ 22 1370 610 1595 ['3 3] 1125 50 463 710 8%0
12 24 2130 700 1625 790 12135 SV 510 800 970
13 26 271715 785 1675 940 1400 +5 935 900 1150
14 28 3600 870 1135 1938 35 543 990 I 1400
15 30 4700 950 1320 1655 25 565 1070 ' 1600
le 32 6000 1045 1435 1729 2% 61s 1145 1800
17 34 8900 1150 1490 1755 30 67% 122 1995
18 36 15000 1245 1540 1188 35 740 1280 2155
19 18 139%% 1600 ‘ 1775 35 785 1Y45% 221
——— . : war e
Inc. l.::d ~ Sndi,r{_(“”" Numbers S o -
ho. .‘:acu 32 38 39 i
- — J S S
L1 . 169 o 0 0
2 2.3 -65 80 50
3 b -130 160 95
4 “1.5 ~195 240 150
5 10 -22% 380 230
6 12.5% -380 595 38s
7 15 -500 790 540
8 17 -660 970 700
9 19 -175 1115 ‘850
10 0 -830 1195 900
i1 22 -940 1335 01020
12 24 -1020 1540 1180
13 26 -1110 1700 1340
14 28 -1220 1810 1600
15 30 -lil(‘l 1920 1800
16 32 -1500 2025 1990
17 "% -1665 2120 2140
18 36 -1785% 2‘170 2340
19 38 -1790 2245 248%




341.

TABLE B.23. ‘CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS
Inc. Strain (in/in x 105)
1 2 3 S 6 7 8 9
1 0 0 0 0 0 0 0 0
i1 93 73 50 11 1 0 1 -3
1 185 153 112 44 23 26 24 21
2 177 147 109 47 28 31 29 27
3 171 144 106 50 34 37 35 33
4 161 135 101 52 39 42 40 38
5 153 129 100 54 45 47 45 44
6 143 122 95 57 51 54 52 49
7 128 113 89 56 57 59 57 54
*8 101 98 81 57 62 66 63 57
9 73 71 69 58 71 73 70 67
10 8 41 60 57 17 77 75 73
11 -81 -37 22 48 91 90 87 85
12 -156 -121 -22 44 101 100 97 97
13 -229 -208 -75 35 115 114 110 109
14 -324 -316 -235 31 129 126 122 121
15 -443 -453 =217 20 144 142 138 137
16 -601 -616 -317 9 162 161 156 156
17 -956 -1026 - ~562 -17 201 197 183 192
18 -1267 -717 278 272 265 264
19 341 325 316 318

(1) Before Release;

(11i) After Releése;

(-) Tension

Inc. Load Deflection (in)
(kips) North ‘i South
1 0.17 0.00 0.00 0.00.
2 2.5 .03 .04 .03
3 5.0 .07 .08 .07
4 7.5 .10 .12 .10
5 10.0 .13 .16 . <14
6 12.5 17 21 .18
7 ‘15.0 .21 .26 .22
8 17.0 .26 .32 .27
9 19.0 .31 YA .34
10 20.0 .37 .48 .38
11 22.0 .49 .65 .50
12 24.0 .63 .84 .65
13 26.0 .80 1.06 .80
14 28.0 1.00 1.31 .99
15 30.0 1.22 1.61 1.30
16 32.0 1.53 2.01 1.48
17 34.0 2.13 2.86 2.05
18 36.0 3.52 4.91 3.40
19 38.2 5.22 7.76 5.27
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TABLE B.24.1 ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH)

BEAM NU. 24-16-6

L - : R S

Inc. Load Strain Gage Numbher v
No. per - ; T T
Jack 1 3 s ? ™ 8A 9 19 26
1 0.15 0 0 ] o ° 0 o . [ .
2 2 50 40 -5 10 0 0 10 30 - Y]
3 . 115 90 -20 23 0 0 20 -13 30
4 6 . 190 150 -30 23 0 s 4 -13 43
) 3 255 200 -33 15 - s 4 -30 53
6 10 3150 270 -40 10 -5 0 40 -50 80
) 11 405 38 -3 15 -5 ) 2 -33 130
8 12 500 355 .23 25 =S s S -63 200
9 13 800 185 .13 25 0 s 7 -10 300
10 14 1250 840 s .S s ) 123 30 “65
11 15 1580 975 5 65 5 s 195 «8s 595
12 16 2078 1165 35 s ) [ 345 595 830
13 18 3000 1565 655 700 s Lo 523 s 1255
16 | 20 4800 2025 535 790 as 0 600 820 1675
1s 22 9500 2635 430 895 18 0 670 883 2120
16 23. 3210 295 995 15 650 91% 2135
17 24 3530 200 1040 21
L |
Inc. Load Strain Gage Numbers
No Sack 28 w | 3 ’ T
1 0.15 0 0 0
2 2 -45 80 50
3 4 -113 185 120
4 6 -190 305 200
s 8 -270 435 280
6 10 -390 890 383
7 11 ~480 1175 a7s
s 12 -560 1385 645
9 13 -640 1485 1085
10 14 ~760 1758 1310
1 13 -850 1965 1530 !
12 16 -975 2273 1920 '
13 18 -1380 2750 2270
14 20 ~4320 2920 3185
1s° | 22 -6130 6150 3335
16 | 23 -6580 5000
17 24




TABLE B.24.2

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTLONS

344.

Inc. Strain (in/in’ x 10°)
1 2 3 b 6 7 8 9
1 0 0 0 0 0 0 0
11 88 62 41 9 -2 -2 -5 -4
1 166 129 99 43 27 29 27 23
2 162 127 100 45 33 35 32 28
3 151 120 92 49 38 40 38 30
4 140 112 87 51 45 48 47 42
5 129 104 83 53 51 55 52 49
6 115 @ 94 79 57 59 62 60 57
7 107 Tl 90 75 58 60 65 64 61
8 82 77 71 60 65 69 67 66
9 47 57 65 59 69 72 71 10
10 ~19 14 43 56 76 80 79 78
11 -57 -14 24 52 83 88 85 86
12 -121 -65 -10 47 95 98 95 98
13 -363 | -162 -69 42 112 116 112 117
14 -683 | -349 | -178 39 140 143 141 145
15 -1599 | -814 | -468 -25 194 199 195 203
16 -1128 | -155 274 276 272 287
17
(1) Before Release; (ii) After Release; (-) Tension
) N ot i,
Inc. Load Deflection (in) iéj ~¢£%$_ PR
kips : | - i SRRV e
(kips) North % . Sg‘_l_l_%’,; , ': y’;,;l ' ?; Y
1 0.15 0.00 | 0.00 { 1,00} "
2 2 .03 .02.F oz { e g,
3 4 .07 1. .07 074’ t W
4 6 BYE: RSS! \ Lot e B
5 8 2151 35 o ?T . 3 ' M
6 10 .19 .20 239" e :
7 11 .23, A .23 Ky
8 12 .26 8 264 = :
9 13 .30 32 .30 ¢
10 14 .40 4 .39 . ;
11 15 .49 Sl .49 :
12 16 .60 j-6 .61
13 18 .84 | 95 4 .8% ,
14 20 1.25 f}; ¢ 1.26 .
15 22 2.22 | 3@ F 2.26 .
16 23 3.98 | 4§58 - 4.01 ) :
17 24 ‘ %
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TABLE B.25.1

ELECTRICAL STRAIN GAGE MEASUREMENTS (MICRO INCHES PER INCH)

BEAM NO. 25-16-6

l::. l‘;::d Strain Gage Numbers
: Jack 1 3 4 s 6 7 9 13 23
1 n.as ~a o] 0 [} [} [+] 0 "] [¢]
2 2 sS 45 25 o] 4] s 15 15 -5
3 4 135 100 60 -i0 20 10 40 40 -10
4 6 215 165 90 -15 65 To2s S0 50 -15
S 8 290 225 125 -25 420 55 10 60 .-20
6 10 390 308 165 ~25 . 610 58 15 [$] -30
7 4o 460 360 190 -15 716 100 10 85 -30
[] 12 59S 400 210 -5 785 150 S 105 -33
9 13 745 580 230 10 863 270 s 130 -40
10 14 1190 945 260 30 950 408 35 165 -50
11 13 1645 1178 2es $5 1050 550 80 +200 ~60
12 16 2100 1560 320 70 1165 695 185 230 ~43
13 18 3090 2355 418 85 1270 930 350 410 -2%
14 20 4765 3630 970 650 1440 1130 660 530 440
13 22 ! 750 '
Inc. Load Strain Gage Numbers
No, per .
Jack 26 28 30 32 34 s k1] 39 &1
1 n.1% 4] 1] [ o 0 0 0 0 o
2 2 30 -65 20 -50 75 40 45 45
3 4 7S -16% 50 -125 195 108 115 115 -
4 6 110 -283 70 -21n 33n 170 193 205 -
s [ 138 -395 so -320 480 225 255 320 150,
6 10 200 -57% $0 -525 960 405 360 490 220
7 11 340 -590 5s -630 , 1420 545 420 585 265
8 12 470 -608 ss -710 1780 718 475 660 290
9 13 638 -795 65 -830 2050 860 550 730 330
10 14 890 -101% 70 -1090 2630 1165 87% 910 398
11 15 1095 -1230 80 -1375 3300 1390 1170 1030 450
12 16 1315 -1665 80 -2150 4150 1765 1668 1370 518
13 18 1350 ~2475 180 -3300 3665 2445 2165 1710 650
14 20 1610 «200 295 -5350 11750 5850 8600 2330 763
18 22 .




TABLE B.25.2

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

347.

Inc.
1 2 3
i 0 »0 0
11 90 77 46
1 155 131 84
2 149 127 82
3 139 118 76
4 129 111 73
5 - 116 101 66
6 102 91 62
7 89 84 56
8 64 69 50
9 42 54 42
10 -53 -12 17
11 -148 -80 7
12 - =273 -182 -36
13 -378 -355 -101
14 -458 -636 -218
15

n/in x 105) ’
‘6 7 8 9

0 0 0 0
I8 -3 -1 -1 -5
36 13| + 15 16 10
41 17 19 20 14
42 23 26 28 23
43 31 33 35 31
47 . 36 41 41 37
49 44 47 50 45
50 46 52 54 49
51 53 57 58 54
52 56 62 63 69
49 66 71 73 70
46 74 79 82 79
41 86 90 91 89
31 104 107 111 108
20 131 135 137 138

(1) Before Release;

(11) After Release;

(-) Tension __

Inc. Load Deflection (in)
(kips) North 4&; South
1 0.15 0.00 0.00 0.00
2 2 .03 .04 .02
3 4 .07 .08 .06
4 6 .12 . .13 .11
5 8 .17 .18 .15
6 10 .23 .25 .23
7 11 .28 .30 .27
8 12 .31 .34 .30
9 13 .36 .39 .35
10 14 .47 .50 .45
11 15 .57 .62 .55
12 16 .76 .81 .73
13 18 1.05 1.11 1.02
14 20 1.62 1.68 1.60
15 22 " 2.39
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TABLE B.26.1

(=

ELECTRICAL STRAIN GAGE NCASUREMENTS (MICRO INCHES PER INCM)

149,

BEAN NO,  26-21-7
Inc.. Load \ ' Strain Gage Numbers T
No. per - %\*
Jack 1 3 N 5 6 7 8 9 13 19
1 .15 j 0 [\ 0 0 0 L‘ 0 0 0 ~0
2 2 | 60 40 20 -10 -5 '_ 0 10 -5 -15
3 4 |10 100 55 -20 10 0 0 60 80 -30
4 6 [ 245 175 85 -25 245 o] 5 145 95 -50
s 8 | 335 240 120 -25 400 25 20 130 95 -80
6 9 ! 400 305 140 -20 535 135 ° 30 130 165 -65
7 10 445 340 155 -15 600 165 30 130 210 -20
8 1 51% 390 175 -10 680 270 25 115 230 80
9 12 1510 610 195 -10 755 480 30 115 585 165
10 13 2025 870 215 -20 830 590 30 130 1040 225
11 14 2600 1090 245 680 920 710 A 30 150 1390 305
12 15 3210 1240 260 745 995 820 25 180 350
13 16 4250 1460 290 810 1120 1010 25 260 395
14 17 5235 1650 315 845 1230 1155 20 350 410
15 18 6700 1850 545 870 1360 1280 35 " 4l0 430
16 19 3630 2450 840 190 1650 1450 130 435 590
17 20 2820 950 620 1910 » 1600 280 490
fne. Load ) Strain Cage Numbers
No. per - -
Jack 23 26 L 28 30 32 34 35 38 39 41 |
1 .15 o 0 .0 - 0 v 0 o o 0 0
? 2 210 -65 15 -60 on 58 60 “sn 0
3 4 50 -175 ° 45 -155 240 165 150 140 0
) 6 145 -300 60 -270 410 245 250 260 280
s 8 283 -440 75 -395 825 440 350 370 385
6 9 430 -560 100 -490 1160 625 440 470 450
7 10 555 -65% 120 -575 1470 790 600 600 475
8 11 785 -800 170 -690 1885 1120 830 180 540
9 12 985 -915 225 -800 2160 1375 1000 900 578
10 13 1180 -1030 300 -900 2460 1650 1185 ‘1060 620
1 14 1380 -1210 455 1075 2765 2060 1385 1300 675
12 15 1620 -1340 580 -120% 2790 2300 158% 1450 725
13 16 1923 -1380 740 -1245 2550 2740 1920 1710 785
14 17 2038 -1680 800 -135%0 2480 2880 2188 1880 835
15 18 2093 ~2250 800 -1620 24¢€0 2990 2460 2180 875
16 19 2150 -4200 - 7190 -1700 3315 3060 2900 2470 955
17 20 2078 b &m F’ 800 980
- * -
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TABLE B.26. CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS
5
Inc. _Strain (in/in x 107).
1 2 3 5 6 7 8 9
i 0 0 0 0 0 0 0 0
11 88 76 68 19 - 6 - 8 -8 -7
160 135 125 42 11 10 9 6
? 154 131 122 47 15 - 12 13 12
3 142 123 117 50 22 20 19 18
4 128 111 110 54 30 28 28 27
5 118 103 ° 104 56 38 36 35 36
6 110 97 97 56 44 41 43 41
7 106 92 93 55 49 47 . 45 46
8 99 82 81 54 57 54 53 52
9 - 8 10 27 50 67 63 62° 62
10 -195 - -80 -14 40 78 74 75 73
11 -453 -175 -86 30 93 88 88 90
. .)}2 =737 -254 ~-94 18 107 103 101 101
13- -886 -334 -165 0 128 123 123 123
14 -1006. -416 =240 -1 146 142 139 141
15 -1314 -556 -419 -55 168 165 162 163
16 -1205 -1212 =171 232 232 226 229 .
17 S -1458 -410 336 336 329 322
(1) Before Release; (1i) After Release; (-) Tension

Inc. Load Deflection (in)
(kips) North f South
1 0.15 0.00 0.00 0.00
2 2 .04 .04 .04
3 4 .09 .09 .09
4 6 .15 .15 .15
5 8 .22 .22 .22
6 9 .27 .28 .27
7 10 .32 .33 .32
8 11 41 .41 .41
9 12 .50 .51 .50
10 13 461 .62 .61
11 14 .77 .79 .77
12 15 .90 .94 .89
13 16 1.12 1.15 1.12
14 17 1.32 1.34 1.31
15 18 1.58 1.59 1.56
16 19 2.20 2,22 2.18
17 20 3.11 3.06 3.03
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TABLE B.27.1 ELECTRICAL STRAIN GACE MEASUREMYNTS (MICRO lNCl.(ZS PER INCH)

BEANM NO. 27-16-4

G‘?\ e
-&rJ Inc. | Load Strain Gage Numb
Neo. per —— —_— - .
Jack 1 . 6 Y 3 A 13 14
1 0.169 0 0 0 .o 0 0 o °
2 2 60 38 -15 15 10 0 s 30
3 4 108 60 -23 20 20 - s 70
4 6 150 8s -3 0 30 .8 ° %0
s s 200 120 -40 25 - 25 -3 s |- 100
6 10 250 160 -45 120 15 0 15 113
7 12 310 220 -30 190 20 0 3s 150 »
8 14 37~ 450 0 500 815 3s 120 235
9 16 580 575 -1 610 1000 30 175 270 .
10 18" 1045 630 [ -10 680 1115 3s 50 403
- 11 20 1525 695 630 770 1240 40 455 $30
12 22 2085 - 790 695 865 1340 40 550 660
13 24 2565 870 740 950 1438 0 630 775
14 26 31215 960 1020 1080 - 1565 45 680 850
15 28 3972 1025 1085 1170 1665 50 718 875 ]
16 0 4730 1130 1270 1280 1785 43 745 * 880
17 32 5910 1225 1930 1312 1910 40 775 893
18 3 7600 1325 1380 2005 30 810 920
19 36 9150 1400 - 1400 .| 2075 30 820 930
20 38 . 1450 1395 2095 35 826 930 :
J ww——J—————J-—— 2= S e
Inc. Load Strain Cage Number
Ne per ——
Jack 23 30 2 38 39
- 4 —
]l 0.169%9 [4] 0 0 0 0
2 2 -8 . 30 -50 75 40
3 4 -5 60 -85 145 103
s 6 - 100 135 255 220
s 8 5 150 -180 385 335
6 10 35 225 -235 S457 440
? 12 95 130 -300 690 625
) 14 325 505 -360 880 710
9 16 555 580" -420 1040 830
10 18 [ er0 670 -480 1220 965
1 20 740 745 -565 1340 1150 .
12 22 800 880 -610 1485 1283
13 24 860 1010 -650 1665 1430
3 14 26 915 1180 | -66s 1783 1635
15 28 975 1320 -63% 1880 1820
“18 30 20 o 1485 -600 20153 1985
17 32 S_ | 1598 -560 | | 2123 2145
18 34 | 1740 -510 2225 2215
19 3 1138 ‘inas 413 2285 2370
20 38 1% 1920 -31s 2300 | 243 -
Za. :




TABLE B.27.2

CE‘RLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

353.

Strain (Un/in x lO{L

Inc.
1 2 3 5 6 7 8 9
i 0 , O 0 0 0 0 0 0
it 97 74 54 8 -4 -1 0 -3
1 244 215 155 66 35 36 37 35
2 236 212 150 68 38 41 43 41
3 231 208 147 70 43 45 47 44
4 224 103 146 72 47 50 53 49
5 218 198 142 74 50 54 57 53
6 210 . 192 139 75 53 58 61 58
7 204 187 134 76 58 63 66 63
8 191 180 130 77 63 68 70 68
9
10 95 125 103 77 73 78 83 80
11 28 73 63 69 89 94 98 96
12 -24 - 48 =24 58 100 106 110 108
13 -51 15 -63 53 110 115 118 118
14 -85 -27 -92 45 121 127 132 131
15 -140 -69 | . ~-124 37 133 138 143 142
16 ~204 ~146 -181 25 147 153 159 155
17 -279 -237 ~243 8 163 171 175 173
18 -396 -381 -359 -19 187 195 201 198
19 -677 -635 -610 -73 229 237 243 239
20 ~-1004 | -1396 | -1476 -226 290 302 309 303

(1) Before Release;

(11) After Release;

(=) Tension

Inc. Load Deflection (in)
- (kips) North i South
1 0.17 0.00 0.00 0.00
2 2 .04 .04 .03
3 4 .06 .07 .05
4 6 .09 .10 .08
5 8 .11 .31 .11
6 10 .14 .17 .13
7 12 .18 .21 .17
8 14 .22 .26 .21
9 16 .27 .31 .26
10 18 .33 .39 .32
11 20 YA .57 .45
12 22 .56 .75 .57
13 24 .93
14 26 .85 l.§§ .87
15 28 .99 1. 1.03
16 30 1.18 1.62 1.23
17 32 1.41 1.95 1.48
18 34 1.71 2.41 1.82
19 36 2.34 3.41 - 2.5
20 38 3.80 6.09 4.53

e
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TABLE B.28.1 ELECTRICAL STRALN GAGE MEASUREMENTS (MICRO INCHES PER INCH)

BEAM NO. 28-16-4

Load Strain Cagc Numbers
pet ey P e T e = [ e -
Jack 1 4 3 ( 7 8 BA 13 14 2
b e e 4 USRS U SIS S Y SR W
1 0.17 0 o} [ ] ‘o 0 o 0 "]
2 2.0 60 40 0 15 1 0 25 0
3 4.0 100 65 -10 30 25 ‘ 0 105 -s
4 3 140 95 -10 20 35 0 140 -10
3 8 180 130 -13 1 1 0 140 -10
6 10 230 170 -13 70 40 s 150 0
7 12 280 225 =20 140 60 5 160 20
[} 14 340 610 -1 215 90 10 215 550
16 460 180 5%0 540 440 “95 )20 o)
18 940 890 685 648 585 50 470 p1s
20 1460 1010 7\90 785 730 50 660 900
22 2093 1080 82 925 815 sS 875 1015
24 2720 1085 875 1110 930 53 925 1110
26 3363 1300 890 1275 1065 50 960 1220
28 apss 1440 915 1675 1275 45 990 i 1355
30 1590 955 1600 1460 100 1020 1460
32 1715 1000 1720 1685 820 1055 1540
34 ] ‘1850 975 1810 1750 1055 1090 1520
36 1965 873 1870 1800 1408 1100 1878
I8 . 2005 185 18RO 1830 1860 1110 1660
. - - . , |
Load Strain CGage Numberts
per - e Snteenhalie s tht e ets S S
Jack 30 v.u ‘ __1{_‘1“_“:9#_ 4_*___,,,,J__ “_ﬁ,..____]___..__J ~
0.17 0 0 s} o}
2.0 s -45 70 40
4.0 25 -8% 130 8S
6 50 -130 230 195
8 70 -180 340 295
10 105 -240 Y3 400
12 150 -300 645 535
14 270 -375 820 720
16 400 -430 1000 825
18 430 ~540 1190 1025
20 445 -610 1355 1183
22 430 -660 1570 1365
24 $30 -105 $ | 1683 1535
26 L 606 -720 1800 1730
28 618 -720 1930 1910
30 710 -680 2050 2110
32 750 -580 2195 2300
3 800 -440 2300 2470
36 850 -290 2380 2635
hY] 865 -160 2413 2720




TABLE B.28.2

356.

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

Inc. iétrain (in/in x lO%L
—
1. 2 3 5 6 7 8 9
1 0 0 0 0 0 0 0 -0
it 85 68 49 13 - 2 0 -1 - 3%
1 221 189 147 75 34 44 40 34
2 215 186 143 77 40 50 45 40
3 211 183 143 79 44 55 49 45
4 205 177 140 81 47 58 53 49
5 198 173 137 82 52 63 57 53
6 191 167 133 84 57 67 63 52
7 183 162 131 86 60 73 67 62
8 175 157 128 88 65 77 .72 67
9 156 145 121 88 72 84 78 73
10 85 106 107 87 81 94 87 83
11 23 56 83 81 94 116 98 96
12 -54 2 52 66 110 122 115 112
13 -133 -55 21 61 120 132 123 122
14 -211 -120 -18 56 133 144 135 135
15 -283 -183 -60 53 146 158 148 150
16 -444 -297 -124 45 163 175 166 165
17 -654 -450 =212 28 184 - 197 186 187
18 -1144 -860 ~440 -35 234 . 249 223 243
19 -1730 -895 -166 317 332 316 329
20 -1310 ~212 348 360 342 358
(1) Before Release; (ii) After Release; (-~) Tension

Inc. Load Deflection (in)
(kips) | Noreh ¢ South
1 0.17 0.00 0.00 0.00
2 2z .03 .03 .03
3 4 .05 .06 .05
4 6 .07 .09 .08
5 - 8 .10 .13 | .11
6 10 .13 .17 .13
7 12 .16 .21 .18
8 14 .22 .26 .22
9 16 .27 .31 .27
10 18 .35 .45 .36
11 20 .46 .62 .50
12 22 .61 .83 .64
13 24 .76 1.02 .77
14 26 .93 1.23 .94
15 28 1.11 1.50 1.11
16 30 1.33 1.81 1.35
17 32 1.64 2.25 1.68
18 34 2.50 3.53 2.62
19 36 4.03 5.87 4.22
20 38 5.01 7.56 5.16
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TABLE B.29.1 ELECTKICAL STRAIN GAGH MEASUREMENTS (MICRO INCHES PER INCI) ‘.' A s

BEAM NU., 29-12-6

- e

Inc. Load B ) : ‘Strglu Gage Numbers . )
No. per T ‘I T - ;
Jack 1 ) 4 s 6 6A ’
— o I
1 0.13% 0 0 0 0 0 o - o .
2 2.0 60 40 20 -3 0 -20 s 10 10
) 4 140 9 30 -10 3 -63 10 20 3] “
. o 220 153 8s 20 20 -11s 10 » 10
3 [ )00 210 110 -2% 50 -16% 5 4 1 “}
6 9 355 P13 133 -20 . 8o -19% 10 a3 35
7. 10 410 300 150 -15 1035 -1 20 a3 30
(] 11 520 365 173 -10 125 -225 35 50 30
9 12 100 440 190 0 1245 140 220 10 80
10 13 840 520 210 ) 1340 835 250 90 0
11 % 1310 170 243 10 1590 1010 310 158 120
12 15 1830 1150 270 20 1910 1140 150 230 135
13 16 2440 1530 330 23 4050 1380 543 293 150
14 17 2905 1835 360 0 6000 1330 620 2% 175
13 18 3490 2250 750 -5 1690 675 445 220
16 19 4355 2800 975 -13 1830 75s 610 260
17 20 ‘
. : S, i
Inc. :;::d - . ~¥1L o Strain Gage Nulb('rl_v o
Moo ] Jack 19 8 26 28 o | o 3 3 L
—— ] e SRR - | . SR
1 T 0 0 3} 0 0 ) 0 0 7 0 0
2 2.0 -5 -3 -5 -45 0 -35 s 40 “ 35
3 4 -15 -10 -10 -110 10 ~90 185 160 115 85
4 6 -25 -20 -13 -185 20 -150 310 17y 170 150
s 8 -3 -2 -10 -260 25 -210 440 250 260 205
6 [ -50 -30 -5 -330 20 -260 565 330 s 250
? 10 ~65 -35 o -410 15 -300 700 380 350 290
8 11 -80 -40 25 -550 15 -350 920 505 415 350
9 12 -85 -50 218 -625 l3s -443 1205 600 440 470
10 13 ~85 1) 338 -728 -3s -530 1455 750 485 $75
11 14 -70 - -60 585 -920 -25 -610 1860 1080 580 745
12 1s | -30 -70 830 -963 -15 -680 2080 1430 778 930
13 16 310 -90 1150 -975 30 -810 2245 1835 1243 1170
14 17 435 -80 1350 -990 55 -970 2310 2150 1635 1250
15 18 s45 450 1590 ~1000 110 -1190 2403 2720 1960 1465
16 19 + 635 580 1810 -103% 140 -1530 2570 3800 2440 1850
17 20 680 3150 2190




TABLE B.2§.2

359.

v

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

.

Ioc. Strain (in/in x iS?l <4J
1 2 3 4 5 6 7 8
i 0 0 0 0 0 0 0 0
P 14 84 65 43 9 15 -2 1 -1
1 187 154 108 38 45 32 35 36
2 183 151 107 34 46 38 42 41
3 172 143 102 33 48 44 48 48
4 , 162 135 98 32 51 51 59 55
5 150 128 93 34 53 58 61 61
6 143 122 88 33 55 61 65 65
7 136 117 86 34 56 64 68 68
8 120 108 80 33 58 70 74 74
9 92 93 72 34 58 73 77 76
10 76 80 64 34 59 79 83 83
11 23 40 34 31 56 88 91 91
12 -37 -4 -11 26 54 97 99 98
8t 13 -94 -60 -67 -4 48 107 108 los
C14 -137 | - =107 -109 -1s 43 117 118 117
15, -185 -164 -158 -32 37 127 128 128
- 16, -266 -248 -231 -59 30 139 140 140
17 -360 -340 -309 -87 19 151 151
(1) Befdre Release; (1i) After Release;~ (-) Tension
» ! Inc. Load Deflection (in) 14
o (kip8) | Noren ¢ South
1 0.15 0.00 0.00 0.00
2 2 .03 .03 .03
3 4 .Q7 .08 .07
4 6 .12 .12 .11
5 8 .16 .16 .15
6 9 .19 .19 .18
7 10 .22 .22 .21
8 11 .25 .26 .24
9 12 .30 .31 .28
10 13 .35 .36 .33
11 14 .46 .49 .46
12 15 .56 .60 .55
13 16 .70 .75 59
14 17 .83 .88 .81
15 18 .97 | 1.04 .96
16 19 1.19 1.28 1.18
17 20 1.40 1.69 1.39 fﬁ
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TABLE B.130.1

ELECTRICAL SIRAIN GACE MEASUREMFNTS (MICRO INCHES PER INCH)

RIS

v
i BEZAM NO. 130-21-7 "
Ine. Load Strain Cuge Numbers
No per - - T B
Jack 1 3 4 5 6 7 9 13 19
1 0.15 o] 0 2 0o o} 0 0o 0o
2 2 65 45 20 o} 20 10 10 -10
3 4 160 110 50 0 60 30 65 -20
4 6 260 190 80 10 745 25 135 -35
S 8 359 300 110 20 1025 30 160 -10
6 9 425 550 130 33 1160 420 180 160
7 10 510 780 145 35 1275 M 495 19% 335
8 11 1575 920 170 o * 1415 615 240 455
9 12 2050 1040 190 65 1530 * "/675 ;70 $70
10 13 2580 1180 210 685 1570 740 310 100
11, 14 3205 1355 235 815 1730 830 415 ' 1050
12 15 3810 1535 325 850 1885 895 625 955
13 16 1170 1705 740 940 2015 1100 650 1400
14 17 1900 1820 830 970 21R0 1220 675
15 18 1750 1935 ?)O 970 2350 1335 695
16 19 s 2500
- o
Inc Load, Strain Gage Nunber
No. per T ST .
Jack ' 2) 26 28 e 32 34 35 k1] 39 41
1 0.15 o 0 o] 0 0 ] 0 T 0 Q 0 0
2 2 -55 1o -45 85 45 L] 45 [}
e 3 4 T -140 35 ~115 230, 130 140 135 10
L« A 6 ) -230 50 » ~220 495 gf) 8O 410 540
s sl s -335 ) -320 850 0 360 595 750
] 9. ~410 145 -38% 1075 675 520 720 86%
7 10 =475 175 ~-450 1250 825 650 820 960
8 11 -580 225 -550 1465 1045 850 995 1080
9 12 ~640 270 —‘605 1650 1190 980 1130 1155
10 13 -120 325 -685 1830 1390 1130 1270 1215
11 14 -805 410 -790 2005 1640 1340 1435 1345
12 15 100 1235 Y - -860 430 -870 2180 1805 1520 1580 1440
¥ 13 16 625 1400 -909% 250 -$010 2640, 1980 177(2 ‘ 1855 1575
14 17 700 1500 " -950 210 -1100 2640 2030° 1930 2030 1690
| 18 780 1633 -965 170 ‘-1190 2819 2200 2075 2200 1850
16 19 ' !
e S J




TABLE B.30.2

CENTERLINE STRAIN DISTRIBUTION AND BEAM DEFLECTIONS

367.

Inc. Strain (in/in x 105)
1 2 3 5 6 7 8 9
i 0 0 0 0 0 0 0 Q
ii 91 77 68 21 -3 -1 -3 -2
1 216 170 156 63 24 26 29 27
2 210 166 155 65 29 31 36 34
3 197 155 158 67 38 40 43 42
4 182 145 142 70 47 50 52 54
5 172 135 134 69 56 59 61 66
6 161 125 125 69 64 66 67 73
7 154 91 118 69 69 73 74 81
8 102 44 . 112 63 80 84 84 92
9 ~-12 -3 99 60 90 93 93 103
10 =270 ~75 75 52 101 104 " 103 115
11 ~-401 -157 -72 40 ‘116 120 129 134
12 -627 -169 -246 19 130 136 133 147
13 ~897 -239 -465 - 6 150 155 154 - 170
14 -1190 -319 -649 ~27 167 174 171 189
15 -1530 -457 -906 -49 187 193 191 209
16 g '
2
(1) Before Release; (i1) After Release; (~) Temnsion
Inc.| Load Deflection (in)
(kips) | yoren ¢ South
1 15 0.00 0.00 0.00
2 2 .04 .04 .04
3 4 .09 .09 - .08
4 6 .17 .17 .16
5 8 .25 .24 .24 B
) 6 9 .31 .30 .30 i
7 10 .37 .36 .36 ,
8 11 .47 .48 .46 )
9 12 .56 .57 .55
10 13 .66 .69 .64 /S
11 14 .80 .84 .80 d
12 15 .95 .97 .93 ,///
13 | -16 1.14 1.20 1.12 ~
14 17 1.30 1.33 1.29 y
b 15 18 1.48 | 1.9 1.45 J/r,»"’
16 19 1.89
- | e

W

it



363.

(—1Z—0€ weeg 10} suo11e207 ebeg) uleng pue syiezaq ewaalojuey  0E'd JHNOIS
¢
. -
. . &
LPES LT LBILL=S TH e lLS  LBILL=STH# ) 9 .Sl 8IL9,
. K ) 1
:.me g#g|M—.81/11 cée ol 1 Tose 1
IR A ® 0 s IR S
A f \ . ~ £ v
M m ‘N - -
| Q SAOH ., 1T X .8
/
" : Vn
ﬂ U @ @ @; @ @ //v#m
.8 | . Je#ed | N E#Y
8. .8/L7=ST# 1 -
— >ie —




364.

APPENDIX - C
DESIGN EXAMPLE AND NOTATION
t

C.l1 Design

«

In the design example below, beam 26~21-7 is designed in detail
following the design procedure outlined in Chapter 6. In the design
of the other test beams, ‘the sam'rocedure was followed to varying
degrees. The flexural design of the main section as outlined in the’
’exa&ple was used for all of the test beams and is based on the ACIL 318-71
Code (1). Thb design of the reinforcement in the shear spans deviated
in some cases f'o‘ Ere precedure outlined in the example. gFor beams
1-16-6 to 16-12-6, the selectidn ‘? the shear reinforcement for the
posts, struts and solid sheanﬁSpansfqgs basedhgr; (i) calculations from’ .
the ACI 318-71 Code (1) with b d = 32 or 16 iﬁ. for e sollJ(sectﬁfns Leagny
and the sections through the holes, respectively, (ii) the experience
of the author, and (1119 the results of the tests of LeBlape and Sﬁ%ve.
The supplementary longitudinal reinforcement for these first 16 beamsv 1.’
was selected on the basis of experience. For\beams 17-16-4 to 30-21 3
the design pfosedute used.fpr each beam was similar to that in the
example. There were, however, modifications in Fhe design procedure -

and the selection of reinforcement. Modifications to the design consis- ,

+ It

ted of changing the proportion of the shear carried by the struts above
and below an opening. The rein}orcement at ‘various locations in the?
shear spag} was altered to examine the effect of these changes on the

-

beam behaviour.
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c.2 Design Example ’

Beam 26-21-7
2

A = 114.25 in
g

I = 4583 in”
o :

20“—————~———>| £_' = 5274 psi

= 410 psi

 #MBcircups = 33.8 kst
;.#3 Stirrups = 52.2 ksi
fy #3 Long. = 51.4 ksi

5 - 3/8" Strands £ = 275.625 ksi
su
f = 178.08 ksi
pi
* f = 137.04 ksi
se 3
E = 28.9 x 107 ksi
ps
A = 5 x 0.08
Ps 2
= 0,40 in
1. Stresses in the concrete &t transfer. ’
At top OveggSupport ......... 364 psi tension
At top at mid-span  ......... - 291 psi tension
At bottom at mid-span ....... 2204 psi compression

2. Working load moment (based on flexural cracking).

-

<
.,
%hH

(f + f - f))

cr sp re d

e 4583 ’
- - ————————
12.6 (410 .+ 1794 + 126)

5 = 752 in-k

3. Ultimate flexural cabacity (based on the ACI 318-71 Code equation'
for the stress in the prestressing strand and the Whittney stress

block).’ : .



366 -

f
- - u : -
fpS fpu (1 - 0.5 by ?fT) AAC1 Equation 18-3)
“ps
pp " 5d = 0.00125
thus fps = 266.60 ksi, Assuming the two No. 3 bars running the -

o .
length of the ‘beam a’a depth of 3.50 inches yield in tension _(thiaaa'

checked and found to be true):

Mu - ®[fpsAps (dl

a
-5 ¢+ fyAs (d, - 1]
| S .
for a = T/0.85 f_'b = 1.31‘}nches and & = 1:
o

»
M = 1669 in-k Y
u

D
-

The maximum load per jack to reach the flexural capacity is then:

[ 42
M -

u .
pu ‘ —8—5 19.9 k

The shear reinforcement for the solid shear spans was designed to resist
the applied shear associated with flexural fallurg using Chapter 1l of
the ACI 318-71 Code with ¢ = 1. Extra stirrups were placed beside

the first holes in eaéh shear span.

.The shear strength of the concrete section as calculated by Sectiom 11.5

of the ACI 318-71 8ode was greater than the applied shear stresses so
' <«

the maxipum spacing (15 inches) and the minimum allowable area of shear

reinforcement (0.08_in2) governed. Double-legged No. 2 stirrups were
. . o .
used spaced at 15 inches. ’

¥

Extra shear reinforcement designed td'carry the total shear force was

-

9q
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placed beside the first hole In each shear span. This required a
. 2
stirrup area of 0.36 in and the two double-legged No. 3 stirrups

~
used provided an area of 0.44 luz.'

Design of the struts in the shear spans. Assuming:

(1) Vieregdeel truss action of the beam-in the region of an
opening. :

(11) Points of inflection are located at the center of the strut
above and below an opening.

(iii) The shear at the ultimate load is proportioned to the struts
according to their respective shear areas (which includes the
contribution of the flange to the shear area of the top strut).

s, o B
wy gt <

(iv) The axial force in the struts is equal to the bending moment
at the centerline of an epening divided by the distance be-
tween th entroid of the top strut and the centroid of the
primary tension reinforcement.

There are two openings in each shear span but the axial loads were
higher above and below hole 2 so the reinforcement was.designed for
this hole and the same reinforcsment was placed in the struts of
both.openings. F.ot .+ section through a hole, the properties are

given below.

ToE Strut
A = 52,25 in
-4

1 = 62.7 1n4
4
y = 1.49 in

2

top
Shear area crosshatched
= 24.5 in2
Bottom Strut -

X = 30.00 in®
g A
1, = 140.6 1n

. 2
ytop 3.75 in
Shear area crosshatched
2

= 30.0 in
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Shear In the top strut,

v - —
Top ~ 24.5 + 30.0 ' Py

= 8.96 k.

. ' . 30
Shear in the bottom strut, VBLm 7% % +30.0 P, 10.94 k.

Axial force in the top

strut is = 93.79 k.

The effective axial force in the bottom strut is the axial forc

the top strut less the effective prestress force
L .

o

= 93,79 - A__f
ps pe
= . 38,97 k P
e
¥he maximum moments at the ends of the struts are:
M - 8.96 x %®n/2 = 94.1 in-k
u Top
M - 10.94 x 2n/2 = 116.9 in-k
u Btm
Strut shear reinforcement design. For the top strut, strength

calculations based on® equation 11-7 of the ACI 318-71 Code inc

ing the effect of the a
inches for double-legge
spaclng of 0.75 h was 3

stirrdps were used spac

For the bottom strut, t
of the ACI 318-71 Code,
load, gave a spacing of
stirrups. Therefore, d

spaced at 1.8 inches. .

Design struts for axial

Top Strut L2
Try six No. 3 bar

-

xial load gave a maximum spacing of 9.28
d No. 2 stirrups. The maximum allowable
.4 inches. Therefore, double-legged No.

ed at 3.0 inches.

he strength calculations of equation 11-
which also includes the effect of axial
2.01 inches for double-legged No. 2

ouble-legged No. 2 stirrups were used

.

load and wmoment.

s as longitudinal reinforcement.

368.

e in

lud-

2

8



Draw the interaction diagram for

LLocate the plastic centroid.

1
3
1-—1—— [ ] o o o

46"
¥

Taking moments about Cc R

1.53 inches below the top of the section and the maximum

.

axial load and moment.

149" |

R

3169 .
085 tc
b Ca
C
c Cs?

the section could carry was found to be 268 kips.

For balanced failure (compression on the bottom):

'c = 0.0030

Bl = 0.79

iy = 0.00177

f = 51.4 ksi

y 3

ES = 29,1 x 10~ ksi

the plastic centroid was found to be

axial load

(¢

Strain Stress
FT 1
e 1.0 - .
e —— - 1.53" 0.00177 T(
s e S W S N B
- \ 4 \ . Center
) | o2t | 45
r C
. - 297" cl
p - — -~ = 2 220" | _ -Cca
- --T 7 0.00136
1f"
Y A
. . 0.0030 0.85 f'c
c = 3.2 x 0.003 = 2.20 in

0.00177 + 0.003

4

-y
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)
Then:

. . 0.003

. 2.20 1.0 = 0.00136

'

Therefore:

C = 8,71 k
s

Acting 1.97 inches below the plastic center.

The compressive force in the concrete was divided into two parts;
CCl acting on the rectangular poresion, and CC2 acting on the

chamf@%s. .

a = Blc = 1.74 in

C = 0.85 x f ' xb'Bl.ZOk
cl c

Acting 2.10 igches below the piastic center.
o

then:

CC2 = 2.45 k

Acting 1.48 inches below the plastic center.

The total tensile force provided by the four No. 3 bars is T.
T = 51.4 x 4 x .11 = 22.62 k

Acting 0.59 inches above the plastic center. .
Totaling the axial force and moments about the plastic center gives

P, = 19.74 k

Hb = 99.53 in-k

For the entire ¢ section in tension:

T = 6 x 0.11 x 51.4 = 33.92 k



AXIAL LOAD kips:

240

160

80

-40 ' MOMENT (in-k) .

From the plotted interaction diagram, it was noted that the rein-
forcement was not sufficient to carry the full design load of 19.9 \\\

kips, however, six No. 3 bars were used.

Bottom Strut «

Try four No. 3 bars as supplementary longitudinal reinforce-
ment .

Draw the interaction diagram for the top strut. -

Locate the plastic centroid.

1.0
0 375" ———chﬂ
. ' 2‘5” 3'7911 - 5 .
Py ” Plastic * { A
786 - -
® [ J - 3.0" Center ) 71'
[ 3 [ J -—ir— V - l
1.0 "

r . 085 t'c o . Y T



J : 3?2.

%

Tak ing moments about Cc the plastic center was found to 3.79°

tnches below the top of the section. The maximum comp xial

load was 137 kips. v
L Y

for balanced failure (compression on the top)

[ 3 i
Strain “.’ Stress
0.0030 ; 0.86¢'c
: 1 .S
- - -
«00- T —>
‘__l___ F
PS
. T
F 0.0177 :

0.003
. ¢ 5003 + 0.00177 * 6.5 4.09 inches
then: e
. _ 0.003 L
€81 o5 X 3-09 0.0023 > ¢

therefore:

C81 = 11.31

Acting 2.79 inches above the plastic center

e, = 5202 (4.09 - 3.5) - 13708 _
P : 28.9 x 10

= 0.00431 tension
ffijfh(‘@~ + € +E .w 49.82 k tension
‘ps 'y ¥ ps ps ps )
A€ting 0.29 inches above the plastic center

a = B.,¢ = 3,23 inches



AXIAL LOAD (kips)

371,

obs

then: ’!

’

C = 3.23 x 4.0 x 0.85 x 95274 =~ 57.74 kips

[

-
!’.

‘ Acting 2.18 inches above the plastic center. .

T = 2 x 0.11 x 51.4 = 11.31 kips

Acting 2.71 inches below the plasticlcenter.

Totaling the axial force and moments about the plastic center gives:
P, ~ 8.12 kips

Mb - ‘174 in-kips

a N

~

For the complete section in tension at rupture of the strands

ignoring strain hardening in the mild steel;

T = 5 x 0.08 x 275.625 + 4 x 0.L1 x 51.4

= 132.9 kips

120

80

40

40

80

120

160 .. | | B
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: Check‘!ﬂ% ppchoragespf the strut flexural reinforcement. From

? 37&:.

i "
’ ~, . ] ]
From the plotted interaction diagram, it was noted that the strut
- . ! -

flexural reinforcement was inadequate but Four No. 3 bars were used.:

\ ‘ : “ -
Section 12.5(a) of ths ACI 318—71“Code, the basic development
length in tension for a No. 3 bar with db = 0.375 in. AS = 0.11
in2 and fy = 51.4 ksi:

On

0.04 Abf /vE ' = 3.1 inches
y c
but not less than:

0.0004 d, = 7.7 inches
by

nor less than 12 inches.

For deformed bars in compression Section 12.6 of the .ACI 318-71 Code

the development length 1is:

.

0.2 £d./YfE ' = 5.3 inches : ) e
"y b c
but not less than:

0.0003 fydb = 5.8 inches o

nor less than 12 inches.

Therefore, the minimum post and strut length is 8 + 12 = 20 inches.
The strut 1eng§$ (21 inches) is adequate but the 9 5/16 post
length is less than required by the above calculation but from ex-

. ¥
perience’ the post length 1s adequate.
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6. Design thé post reinforcement. The maximum shear on the section
- . ’ B . . -
“is VU = 19,9 k. Calculate the hdrizontal shear on post 1 (Vh).
4 ’ ’
- . IRY .
| v, - -HH d = 16 - 1.49 = 14.51 in.
h d
1 ] ‘
L Sy = holes spacing
‘ = 4157 Kk = 21+ 9+5/16 .
= 30.31 inches
then:
' 41.57 ‘ ‘t —r o
= 2.2/ . = .
Voh = 7 x 931 1116 psi 15.4 vt

#
Design vertical and horizontal stirreps to carry this total hori-

zontal shear. The required area of reinforcement is:
A, = D s %075 1n?
s fy ’

Four double-legged stirfups were used(both ve!Fically and horizon-

tally pro&iding an area of 0.88 inz.

e i
C.3 Notation

a = depth of equivalent rectangular stress block
Ag = cross area of concrete sectio;
ApS = area of preétressed reinforcement (
AS = aré; of”mild steel reinforcement
A = area of shear reinforcément \
’b ) = width of compression face
bw = web width
) c = distance from the extreme compression fiber to

' neutral axis

C = total compressive force
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distance from the extreme compression fiber tew
the centrgld of the tension reinforcement

distance from the centroid of_thé compression
strut to the centroid of the tens}on ryeinforcement

- .

nominal diametet of a bar

modulus of ela;tTEiLyrof concrete

’ ‘

modulus of elasticity of steel . -~
compressive strength of concrete

stress due‘to dead loads

étress in %he prestressiﬁg strand before release
compressive stresses 1n-c9ncre&e due to prestres§

only after losses

. calculated stresg in the prestressing strand

at\the ultimate load >

ultAmate strength of prestressing chel'
3
- B ¥
effective stress in prestressing steel after.
losses ’

tensile splitting strength of concrete

yield strength of mild steel reinforcement
,

over all thicKness of a mefiber

moment of inertia of gross concrete section ”
about the centroidal axis

hole length

development length

cracking moment

ultimate flexural capfgity .

désign axial load normal go the cross-section
occurring simultaneously with Vu \;
ultimate applied load per jack k

stirrup spacing



total tensile force

A
shear carried by the concrete

horizontal shear on a post at the ultimate'ioad
. o |
ultimate shear force at a section .
' ) .
factqr defined in section 10.2.7 of ACI 138-71
‘ N 4

]

strain in the concrete‘

strain in thé mild steel ra&nforcemént’

N
.~

yield starain for the mild steel reinforcement



