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ABSTRACT

Tests on eighty-four solid and hollow prestressed concrete
beams under various ratios of torsion, bending and shear are reported
in this investigation. All beams had nominally the same length of
10" - 9" and were divided into three series according their cross-
sections:

1) Series A*, 6 x 12 inches (52 beams)

(11) Series B, 8 x 12 inches (20 beams)

(111) Serie: C, 12 x 12 inches (12 beams)

Primary variables in Series A included eccentricity of prestress, amount
of transverse steel, and torsion, bending and shear ratios, while in
Series B a:  C the effect of a longitudinal opening was studied in con-

Junction with different loading ratios.

Available theories for cracking analysis of beams were ex-
amined and two procedures are proposed. One is based on the biaxial
stress cr;Ceria and includes such effects as stirrup contribution and
partial plastification at cracking, and the other utilizes an equiva-
lent elliptical cross-section for solid and hollow sections. Some
shortcomings of the commonly used theori s for the ultimate anglysia

are pointed out and a new iterative method based on a biaxial strain

* Twenty beams of Series A were tested and neponted by Mr. E.B.
Jacobsen (see List o4 neferences) in his M.Sc. study. Since
Zhese beams comstitute an integnal part of Series A they are
atso included here in chapters on cracking and ultimate

analysis.
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criteria is presented. Comparison of theoretical and experimental

results was made and a very good correlation was observed.

Original contributions contained herein are: (1) utilization
of a biaxial stress criteria in the cracking analysis, (i1) use of the
equivalent elliptical cross-sections for predictions of cracking
strength and precracking stiffness for solid and hollow beams, and

(111) utilization of a bilaxia. strain criteria in the ultimate strength

analysis.
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Most of the symbols

LIST OF SYMBOLS

are defined in the text where they first appear;

however, commonly used symbols are listéd here for convenient reference.

i

‘v

Nomenclature used in the computer program is listed in Appendix D.

Dimensions and Section Properties

~7

Material Properties

depth of neutral axis measured from the compression
face of the beam

width of a rectangular section
width of a void in a rectangular cross-section
centerline width of' a closed stirrup N

eccentricity of prestress force with respect to
centroid of cross-section

height of a rectangular cross—section

.

ac 71ht of a void in a rectangular cross-section Y
/

centerline height of a closed stirrup \;;//

ome~: of 1nertia of an:uncracked beam

J'moment of inertia of an uncracked hollow beam
l'statical'moment of the cross-section

longitudinal spacing of transverse reinforcement

modulus of elasticity of concrete

modulus of elasticity of prestressing steel

xiii



E_ ‘modulus of elasticity of transverse reinforcemenﬁ

t i .
€y ult;ﬁhte strain in concrete in pure bending
fé ;_compreégive strength of concrete cylinder
Py yield stress of prestressing steel :
£ modulus of rupture of concrete
fé tenéile strength of concrete
fsp splif cylinder temsile strength of concréte{ )
ty yield stress of stirrup |
Gc shear modulus of conérete>

'

o - ) :
. V' ' ) Cn !'> o~ )
Forces and Moments = - : f\“\ﬂ////ﬂ

y 3

c, T compressive and tensile force
M ben&ing moment
h Mcr bending moment at cracking
M ‘ ultimate bending moment in combined loading
Muol ultimate shearébending or pure bending moment
MB bending moment on B-plane
T twisting moment (torque)
TB- ' twisting moment (torque) on B-plane
Tcr crackingAtorque
T cracking torque based on elastic concept of concre-e
ec behavior
T . cracking torqué based on plastic concept of concrete
“pe . p o
. behavior :
st v K crécking ﬁorque based on skew bending theory

>
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T ultimate torque in combined loading

u
Tup ultimate torque of plain concrete members

Tuo ultimafe strength in pure torsion

A ' She;r force
Vc shear force taken by concrete compression zone
Vcr . shear force at cracking

Vﬁ ultimate shear in'combinqd loading ’
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€er strain in transverse steel

€y . strain in vertical leg of stirrup

SB . strain perpendicular to B-plame '

Oa stress at bottom face of section due to prestress

Jomax,min principal stresses of concrete in a two-dimensional

state :
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CHAPTER I

INTRODUCTION

1.1 General Remarks

With the trend in recent years towards more sophisticated
use of concrete in bridge girders and in edge beams of shells and slabs
interest in research on torsion in prestressed concrete has signifi-
cantlywincreased. Continuous refinements of design Qpecificatioqn
with reduced factors of safety require an exﬁlicit recognition &nd
und?rstanding of torsional effects; in the pést large safety;factots
for flexure and shear indirectly accounted for "secondary" e{fects,

\

including torsion.

Considerable progress in research in this area resulted in
thé provisions of ACI 318-7;1* for design of reinforced concrete mem-
bers subjected to torsion. At the time it was felt that a similar
recommendation for the design of prestrgssed coﬁcrete could not be in-
cluded, because of inadéquate research and ‘test data. It is inténded
that the experimental data and thedretical findings presented in this
repért will complemeét cher current research programs ﬁeing carried
out elsewhere and iﬁ ﬁhis'way assist towards the formulation of design

procedures,

Numbers refen to entries in the List of references.
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1.2 Object and Scope

‘\AL‘,J'

The primary objectives of this investigation were: (1) td,
observe the behavior, the cracking and ultimate strengths of solid and
hollow prestressed concrete beams subjected to combined loading, (11)
to examine commonly used Eheories for cracking and ultimate strength,
and the assumptions on which these theories are founded, and, (1i1)
to develop analyses for predicting the cracking and ultimate strength

of solid and hollow prestressed concrete beams.

The experimental portion of this.investigation consisted of
tests on eighty-four solid and hollow prestressed concrete beams under
various ratios of torsion, bending and shear. The main variables in-
cluded magnitude and eccentricity of prestress, amount of transverse
steel, torsion to bending ratio, torsion to shear ratio and size ,of
longitudinal opening. The experimental data obZ;ined in this study.
includes cracking strength, ultimate strength, strains in the pre-

stressing steel and transverse reinforcement, torque-twist and load-

deflection characteristics, and crack patterns.

o

Using the analysis developed in this study, theoretical capa-
cities at cracking and ultimate have been compared with test values.
Expressions for the initial torsional stiffness of solid and hollow

beams have been developed and compared with test results.



CHAPTER II

CURRENT STATE OF KNOWLEDGRE

2.1 1Introduction

Research on torsion in structural concrete has an interesting
history dating back to 1929 when E. Rausch!® presented the truss ana-
logy for torsion in reinforced concrete membersi According to this
analogy transverse reinforcement acts as tenslon members while cracked
concrete provides the compression struts. Apother break-through in
research activities in this area came in 1958 when N.N., Lessig®!’ 32
proposed the gkew bending theory, where equilibrium conditions hased
on the observed failure mode are considered. More recently investiga-
tors such as Lamﬁert“g, Hsu®®, and Collins!!, introduced the equivalent
thin tube theory where a solid beam is treated as a rectangular thin
walled tube. This approach is based on the space truss model first
develope< by Lampert“s and 1s essentially é generalization of the ori-

ginal truss theory.

The * - -~ ig of general torsiopn theory (which dates back
to the eighteen~! ¢ wnen Coulomb found the solution for a cylin-
drical bar of ci. :ules s-section) are avsilable in most texgbooks
on strength of : ater: - toeory -F ela: -1city®®’ 72, or-theory of
plasticity 3%, and zomseq. -~ . not be presented here. Research
on torsion in structural ~ cce T seen - ‘ive mainly in the last

two decades and is currenti, -a- ¢ out in o er thirty institutions



A
throughout’the wo}ld, resulting in numerous publications. An exten-
sive literature reéiew dealing with torsion in structural concrete has
been presented by Ziaez, Johnston and Zia“°, WOodheaa and McMullen’®
and Rao and Warwaruk®S. Only research that has a close te%gvance to
the material presented in this report is reviewed here. I;‘the intro-
ductory sections of Chapters 5 and 6, where cracking and ultimate

analyses are presented, reference is made also to the most pertinent

publications dealing with these two areas.

It is not surprizing that research on torsion in prestressed
concrete members gained momentum only after the problem was better de-
fined and undergtood for plain and reinforced concrete. For that
reason many authors, when conducting their literature review, approacﬂed
the probldh by dividing the whole area into (1), plain concrete, (i1)
reinforced concrete, and (iii) prestressed concrété. Others preferred
to make a distinction between (1) pure torsiomn, (i{1) torsion and bend-
ing, and (iii) torsion bending and shear. Both treatments are Justified
since the problem of combined loading was historically approached in
ﬁoth these manners. However, it should be mentioned that all these
cases répresent speclal cases of a fully reinforced and prestressed
beam under combined toraion,vbending éndbshear. Such a beam exhibits
two distinct behavioral regions; oné between initial load and the
craéiing load and another betwéén cracking énd ultimate. For that

" reason availablé theories for crgcking analysisvare discussed first

.

and then theories for ultimate analysis are reviewed.

?



2.2 Cracking Strength

The majof concern of a torsional cracking analysis is the
determination of a stress distribution and a failure criteria. Several
theories have been used in the past regarding torsional shear stress
distribution at cracking.‘ Three common approaches are those from the

Elastic theorysg, the Plastic theorysg, and the Skew bending approach’l.

In the elastic theory a materiél is assumed to be perfectly
elastic and failure occurs when the limiting stress is reached at the
maximum shearing stress location. On the other hand, the plastic
theory assumes perfectly plastic behavior implying that the shear stresses
due to torsion are constant over the whole cross-section., According to

both theories, shearing stress can be expressed as follows:

. (2.1)

where k 1is the torsion constant and is a function of the cross-
sectional aspect ratio. For the same cross-section this factor is

always larger for plastic theory as compared to elastic theory.

Torsional shearing stresses determined by Equation 2.1 must
be superimposed vén the stresses caused by'preatress, bending, and
;fléxural éhear. To éuqﬂ.a generalized staté of stress a failure cri-
teria ig applied. Unfott@nately, no agreement exists among researchers

as to which failure criteria should be used for concrete at cracking.

i
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For the case of combined loading, generally the maximum stress criteria
has proved to be more popular. However, the tensile strength of con-
crete must be known, regardless of the adopted failure criteria; it can be
determined from the uniaxial tensile test or the splitting tensile

test. The disadvantage of the former is that it is difficult to per-
form, while in the latter case a pure tensile state of stress cannot

be attained; tensile stress is always assoclated with a compressive

stress amounting to. approximately 0.25 fé.

. It should be nbted that Equation 2.1 is applicable only to

N ) \
solid rectangular cross-sections. For cross-sections with re-entrant

corners such as T, L, U, I or hollow box sections a numerical solution

of the following partial differential equation 1is required:

2 2

F . AP . ’

(x,y) (%,v) . _

32 -+ > 2&1,45 | 2.2
x 3y ¥

d

where F( denotes the stress function in cartesian coordinates,

X,y) ‘
KT the torsional rigidity, and ¢ the angle of twist per unit length.

Based on experimental observations{ Hsu3! cdncluded that the‘
stress distribution due ‘- torsion at cracking can be interpreted as a
skew bending phenomenon. This approach has been extended by Gangarao
and 2ia?"* to include benaing and torsion and by Henry and Zia?? to
include the general case of combined ben&ing, torsion, and shear.

While i*.was observed that this approach gives good correlation with



test results for beams with aspect ratios close to 2:1, it was not

satisfactory for beams having a square or nearly square cross-section.

Swamy68 conducted tests on twenty prestressed beams without
web reinforcement. He concluded that both maximum stress criterion
and maximum strain criterion do not give satisfactory results for the
entire range of torsion to bending ratios. Johnston and Zia‘p applied
eiastic theory using a finite difference technique for the determina-
tion of the torsional shear stresses in prestressed hollow.beams
subjected to combined loading. They based tensile strength of concrete
on the splitting test for the reason fhat the biaxial state of =tress
in the splitting tensile test is similar to the state of stress
regulting from combined loading. The same beams were analysed by the
skew bending approach; comparison shows that the elastic theory cor-
relates better with test results than the skew bending approach.
Subsequently, Woodhead and McMullen ]5 analysed 177 rectangular pre-
stressed beams using elastic theory with ft equal 7/?:. Since
the main values of experimental to theoretical ratios ranged from
1.035 to 1.330 they fointed out that their conservative predictions

resdlted from some plastic action at &;acking and contribution of web

reinforcement to the cracking strength. In a recent study, Rao and

Warwaruk®® investigated the eégacking strength and precracking behavior
of prestressed, I-beams under combined loading. Forty-one beams wer

analysedbaccording to both plastic theory with ft equal 6

and elastic theory, where a finite element technique was employed |

ST

with f_ equal to '7.5/fZl It is interesting to note thﬁj}the



average test to theory ratios according to both theorieéywere the same,
that 1s 1.26. Although it may appear somewhat surprising that the plas-
tic theory also underestimates cracking capacity this probably resulted

from the smaller value of ft adopted in this theory as compared to

elastic theory.

2.3 DUltimate Strength

Three approaches are most commonly used for the determina-
tion oflﬁltimate strength ofireinforced or prestressed concrete beams
under combined loading; truss analogy’a, skew bending theorysx, and
space truss theory“7. All three approaches are applicable only to
underreinforced members. Whiie it is relatively easy to establish
limits of longitudinal reinforcement in a member subjected to bending
only, no clear theoretical definition has been given in the literature
as to what amount of web and longitudinal reinforcement would corres-
pond to "balanced condition" for a member subjected to combined
torsion, bending and shear. It has been recognized that a reinforced
or prestressed beam without web reinforcement fails at first cracking
if subjected to pufe torsion or combined loading; this implies that the
analysis for cracking torque wouid also apply for the determination of
- ultimate capacities. Researchers also agree that the relative amounts
of web and longitudinal reinforcement and initial presﬁress not only

contribute to the ultimate strength but may significantly influence the

postcracking behavior.



A very limited number of investigations dealing with the

NG IR '
problem of combined loading'in hollow beams have been published. Hsu®®

reported tests on fou; reinforcza hollow, and corresponding solid

beams subjected to pure torsion. Capacifies were ;1milar for similarly
reinforced solid and hollow beams . plying that the beam core did not
contribute to the ultimat® strength. Swamy®®? applied a skew bending
analysis to twenty hollow prestressed beams subjected to combined"
bending and torsion. Probably the most complete experimental and
theoretical investigation has been done by Johnston and zia*? who re-
ported tests om thirty-seven eqcentrically prestressed hollow beams
under various ratios of torsion, bending and shear. As mentioned
earlier, an elastic analysis in conjunction with a finite difference

technique was used for the cracking anal&sis, while the ultimate analy-

sis was based on the skew bending approach.

Of the three theories mentioned aonw .he Skew bending theory
has been mostly used in the p;st, equally for -atnforced and prestressed
concrete. Most recent works on rectangular prestressed concrete beams
under combined loading {nclude those by Gangarao and Zia?", Henry and
Ziazg; Johhston and zia*?, and Woodhead and McMullen’®. Rao and
warwaruk®® used this theory to predict ultimate cépacities of prestres-
sed I-beams under combined loading. It should be'mentioned, however,
that certain assumptions of this theory have been questioned. As com—

pared to the truss analogy, skew bending theory results in a more

complex solution. Recently, Elfgrenla showed that no significant dif-
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ference exists between these two theories if both are based on the

same assumptions and simplifications.

The space truss theory is the most recent appraoch and has
been introduced by Lampert"“’. Although some of its assumptions are
controversialll® 36 4¢ appears that this approach provides a sound
tool for the study of beam behavior at postcracking stages. Usiﬁg
this approach, Collins!! found that complete torque-twist curves can
be predicted in a symmetrically reinforced beam subjécted to torsiqn

only.



1.

CHAPTER 1III
EXPERIMENTAL PROGRAM

3.1 Test Specimens

jﬁ
1

The results of tests made on eighty four beams, divided-in .
threerseriea‘according to their overall cross-sectional dimensions as
shown in Figure 3.1, are reported in this investigation. "Each of the
three series 1¥ further divided into groups having the following
variables: eccentricity of prestressing force, amounts of longitudi-
nal and transverse steei andvqngther the benm is of solid or hollow
cross-section. Figure 3.2 ill&snrates the group identification. The'

nominal compressive strength of. concrete was 5000 psi with. the same

concrete mix for all beams. The following m;ggproportions were used:

1. Cement (type III) 150 1bs

. 2. Sand | 310 1bs

H
TS,
..

3. Coarse aggregate 500 1bs

4. Water 85 1bs/batch

This nix yielded seven cubic feet of coné&ete with a slump of approxi-
mately 3 inches. The sieve analysis of sand and coarse aggregate is

given %n Tables 3.1 and 3.2, respeotively.

wr

The details of the stress-strain charadieristics for the =
1l

it

transverse steel are given in Figure 3.3. Representative samples of

the #2 plain bars and the #3 deformed bars were snbjected to a tension

[ . ; ©



TABLE 3.1 SIEVE ANALYSIS OF SAND
. Weight
Sieve Cumulative A.S.T.M.
Size Retained | 2 Retained Z Retained | Standard
(gms.) u : :

4 17.5 3.0 3.0 - 0-5
$ 8¢ 85.2 14.7 17.7 ,
# 16 54.6 9.5 27.2 20 - 55
# 30 60.0 10.3 37.5
# 20 208.4 35.8 73.3 70 - 90
# 100 122.9 21.1 94.4 90 - 98 .
Pan 17.8 3.1 -
Silt 14.4 2.5 : -
Total | 580.8 100.0 253.1
Fineness Modulus 2.53

TABLE 3.2 SIEVE ANALYSIS OF COARSE AGGREGATE

Weight
Sleve Retained 2 Retained Cumulative
Size % Retained
3/4" 0.30 1.1 1.1
3/8" 15.63 " 58.4 59.5
. C Qe

#4 10.03 37.5 .97.0
Pan 0.80 3.0 100.0
Total 26.76 . 1100.0

12.
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test in order to obtain their stress-strain curves. Only the initial °
portions of stress-strain curves are shown in Figure 3.3 since the
strain hardening region was not utilized. The -prestressing cables fo;
the test specimens were 3/8 and 1/2 inches in diameter, both being
seven wire strand with a guaranteed minimum yield strengﬁh of 250 ksi.
Data supplied by the manufaqturer was used to prepare the‘idealiied
stress-strain curves for prestressing cables as sﬁown in Figures 3.4
and 3.5. Equations representing the stress-strain relationship for’.~

~

the prestreséihg strands are used in the theoretical analysis of this

investigation.

3.2 Fabrication of Specimens

Prior to the'fabricat;on of the beams prestressing cables
were éut and placed betyeen two concrete bulkheéds, which were fastened
t§ the laboratory floof by eight large high strength bolts. At both
bulkhegds_wedge grip and ancggrages were installed on the ends of thg
cables. One end served as a point of force applicationvand at the’
other load cells é;gvided data needed for'the determination of pre-
stressing force. When tﬁe cables were gligngd, each strand was indi-
vidually stressed using a Simplex center-holé hydraulic jack operated
| by -an electric pump., Although an attempt was-made to stresg the
cables to the designated level of érestress; small variations in
anchorage losses made this virtuglly impossible. After prestressing,

the transverse reinforcement was positioned and fixed by wiring the:
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stirrups to the prestressing cables as shown in Figute 3.6, To ensure
that failure occurred in the .test zone, additional transverse and
lo;gitudinal reinforcement ﬁas provided outside the teﬁt zone. Prior
to positioning and fastening of the steel forms they were cleaned and
oiled. The 26 ft. long prestressing bed permitted fabrication of two

beams at the same tinme,

Concrete mixing was performed in the laboratory usin; ‘ne

.

cubic foot capacity mixer. Concrete was placed in the forms wit.
aid of a 1 inch diameter internal vibrator. Five six-by-twelve inc’
control cylinders were made with each specimen and cured under the
same conditions asﬂthe beams. The steel forms-were removed the day
after casting and the beamé together with test cylindgrs were covered
with moist burlap and plastic sheets. After six days the burlap and
plastic sheets were removed and final load celi.readings were taken

A

in order to determine prestress relaxation and anchorage losses.

-

The opening in the hollow beams was made using a styrofoam
block of the same cross-section as the opening and a length of omne
foot longer than the test ;one to avoid ﬁbssible effects of stress
concentration in this region. Although the contpibutién of styrofoam,
if left inside the beam, VOpld be insignificant in bending, it was
felt that its contribution may be much higher in resistingvtotsion
and sﬁear due to confinement. To nullify its possiﬁzg cgntribution

to the beam torsional and shear strength, aftei curing of a beam was

completed, the styrofoam was completely dissolved using an organfc ‘v
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solvent, acetone. To insure accessibility to the styrofoam, two plastic
tubes of 3/4 in. in diameter were cast in the solid portions of the beam

as shown in Figure 3.6.

For both solid and hollow beams, five pairs of mechénical
gauge points were positioned on both vertical sideé of the beaﬁ and
initial readings were taken using an 8 inch Demec deformation gauge.
Readings were taken immediately after release of prestress'providing
data required for the calculation of prestress losses due to elastic
shortening of the beam. The same procedure was repeated prior to test

to determine losses due to creep, shrinkage and relaxation.
3

Three cylinders were teété&win-compression and the remaining
two iﬁ tension the same day as the beam test. Compressive and tensile

strengths of the concrete are reported in the following chapter.

. e
3.3 Instrumentation of Specimens ~

3.3.1 Reinforcement Strains

In contrast to the beams of Series A where bply four strain
gauges were mounted on the vertical legs of stirrups, Series B and C
were ﬁore extensively instrumented. Generaily, seventeen strain
gauges were used for each beam; five on the prestressing strands and
twelve on the stirrups. Location and éesignation of these strain
gauges is shown in Figures 3.7 throughf3:11 and strain gauge readings

for eachAload increment are given in Appendix B.
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~
" Kyowa typeiKFC-S-C1~11 eiectrical resistance strain gdugea

were used for both prestressing steel and stirrups. While the instal-

lation of strain gauges on stirrups can be performed by stagdardized

Ay

procedure, caution must be'eiercised in installing strain gauges on
prestressing,stragds. Since each strand is composed of oﬁe_straightcand
s8lx twisted wires, "channels" between these ;1res make waterproofing
virtually impossible, AToreliminage this problem many researchers?"’
40265 ysed styrofoam plugs duriﬁg casting of concre;e‘whicﬁ'insurad
access to prestressing strandg after concrete yﬁd hardened. These
plugs were then removed and strain gauges placed on strands in the
cavities. Although the problem of waterproofing is eliminated one of
the mainldisadvantages of this procedure isithat‘the gauge cannot be
prope}ly alignéd in a 1 or 2 inch deep cavity. S$ince they are located
on the outside boundaries of a.cross-section these hollows, even
though they are relatively small, reduce the moment of iﬁértia of a
cross-section by 10 to 15 percent thereby directly reducing the crack-
ing strength by about the saﬁe amount. For Eﬁese two reasons such a '

procedure was not used in this investigation. Instead, a new proce-

dure described below, was developed. P
:

After»presfressing was, completed at designated locations '
the outer portion of one gingle wire of pres:reséing3strand was tho-
roughly cleaged after which a gauge was cemented with M-line Acces-
sories' M-bond 200 and waterproofed with :a coat of a Budd‘ GW-2

compound. Lead wires were connected to the strain gauge and a

small area where strain gauge was located was covered with an epoxy
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compound. This step is very important since it ensured that mqisfure
or water leaking during casting would be prevgnted. After curing the
entire strand at strain gauge location was wrapped with tape. For
additional protection against possible daﬁgge of a stfain gauge during
casting, the entire strand at this location was covered with the epoxy

compound.

The main advantages of the abéﬁe procedure afe that, (1)
gauge can be properly aligned and; (ii) no reduction of effective cross-
sectional area occurs. Total loss ofﬂstrain gauges is significantly
reduced as compared to the first described procedure; it is interesting
to note that in more than 500 strain gauges installed using this proce—

dure only 3 strain gauges were lost.

]

3.3.2 Angie of Twist

Rotation of a member gubjected to a forque wés measured by'
two twistmetetsi$‘The location of these twistmeters is shown in Figures
3.7 throggh 3.11. Each twistmeter consiéted of an elbow-type alumi-
num bracket with a spirit level, pin joined at one end and supported
at the other by a micrometer screw with the smallés; divisiopvof 0.001
incheg.iﬁghis agsembly was éttached to ﬁhe top face Efﬁh beam by means
of a rubber belt. The rotation of each twiqtmeter_was ebmputed ffomv
thé difference in'micrometer readings between two successive load in-
cremeﬂts, the total angle of twist over the test‘zone was the differencé

-

between twistmeter rotations. These angles are tabulated for each

Py

load increment in Appendix A.
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3.3.3 Deflections

FPigures 3.7 through 3.11 show locations of three pairs of

1
1

{ deflection gauges for each group of beams. Essentially the deflection
gaqge consistedef a metal ruler with division of 0.0l inches hung omn
a small hook which was cemented on the beam face. Readings were taken
using tﬁo.precise levels located on either side of a sbecimenz The

average value of a corresponding pair of readings, which was_obtained

in thig manner, resulted in the determination of ;he deflection of the

longitudinal beam axis. Deflection data for each load increment for

beams of B and C series are tabulated in Appendix A.

3.4 Test Equipment .

Theﬁloéding apparatus which permits independént applicatidn

of torsion and flexure or torsion and shear-flexure was first designed

and used by McMullen and Warwaruk®®. Only minor alterations, such as

the enlargement qf_;he torsionally fixed head were madejin the course

of this experimental investigation. Detailed description and illus-

555 58

tration of 1oadiﬁg apparatus is available elsewhere ; only a

brief description is”presented'here.

The loading arrangement used for testing of the beams under
combined loading is illustrated in Figure 3.12. Transverse load was
applied Ey means of an Amsler jack having aﬁggpacity,of 100 kipa.

Load was transfered to the beam by a heavy plate laterally supported
and resfing'on a pipe collar which was fastened to the specimen at the

X
Pt
oy

J -
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point of loading. This system permitted transfer of a twisting moment
along beam length and ensured/;hat the transverse 1oad remained in a
vertical direction. The west end of the specimen was Bupported by a
fixed head shown in Figure 3.13, while the east end wgs supported by a
twisting head (Figu:e 3.14) where torque was applied. The east head
allowed a beam to rotate ébout its longitudinal axis and also in the
vertical plane. On ‘the other hand, the west head restricted tqtaioﬂal
rotation of a beam, while it permitted bending rotations and smail
movements in the longitudinal direction. Detailed view of complete

test set-up for combined loading is shown in Figure 3.15.

The torque_appiiéd to a beam fesulted from two loads applied
by cables in opposite d1rection to the twisting head as shown in
Figure 3.16. The cabies, in turn, were attached t6 an - assembly, lo-
cated below the test flo&r, which was operated by a hand pump. Forces -

in the cables were measured using load cell and strain indicator.

3.5 Testing Procedure

Before a specimen was placed into the loading frame'readings
Yére taken oﬁ the mechanical demec points and electrical resistance
straih/gauges on the prestressing stran&. Thesenreadings provided
dat# required for prestress loss calculations. The.déad weight of the
pipe collar and plate assembly used‘for application of trapéverse load
was calculated beforehand and allowance was made due tovthis welght in

applying transverse load. Both transverse load and twisting moment
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were applied in a.series of simultanéous increments of predetermined
magnitude depending upon the ratio of torsional to bending moment.
As cracking or ultimate load was apﬁ?oached loading increments were
reduced’in order to improve accuracy in determining these capacitiés.
" For each load increment #11 ingtrumentation was read and the crack
patt;rns were marked. The number of increments for each test varied

between 15 and 30. Test data for beams of series B and C is tabulated

in Appendicies A and B, and crack patterns are shown in Appendix C.

- ()
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CHAPTER IV

PRESENTATION AND DISCUSSION OF TEST RESULTS

4.1 General

D In this éhapter principal test results are preséntéd and
behavior of beams under comﬁined loading 18 discussed. Additionhl in~
formation for each beam of Series B and C including loading, deforma-
tion and strain data for each load increment and crack pattern 1s
preséﬁted in Appendices A, B and C. Data for beams(of Series A 1is
available efLewheré’?’ 7%, The parameters étudied iﬁ this investiéh-
tion are ligted in Table 4.1. Numerical values of these variables for
each ‘beam are presented in the following section. Variables inc;uded
in Series A and the group identification of this series is showﬁmin o
Table 4.2. The primary objective of Series B and C was to study‘the_r,
effect of a lohgitudinal péening. Each'of these two series has beeni)
dividgd_intp~two g 1ips Bs; BH anq_CS, CE; the second leggéf in each
group refers to solid ari hollow cfose-section, respectively. Addi-

tionally, Series B contained group B1S in which the amount of trans-

verse steel and the initial prestress were varied.

Each of the thirteen groups of beams“reporged in this inves-
tigation consisted of 6 to 8 beams. The first beam in each_group WAS .
tested injﬁure bendi#g and with the exception of groups‘AB, AD, AF and
AH, the lést beam of each. group wgg‘s;bjected to puf; torsion. The

i

remaining beams were tested under various loading ratios in combined
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bending and torsion or bending, torsion and shear.

4:2 Principal Test Results

The principal test resulté for all three series of Peams are
presented in Table 4.3.‘ They inclﬁde compressive and splitting strengths
of concrete, effective prestress, eécentricity of prestressipg force,
cracking and ultimate capacitigs,‘loading ratios, fgiiure mode, angle of
twist and centerline deflection; Geometric préperties of beams are not
included here; since they have been presented in Cﬁapter 3. It should
be noted that the effect of dead load for SEf%é;vA was ﬁeglected, while
because of larger dimensions it has been include&‘fqr Series B and C.

The effective prestressing force in each cable'i; n&t repoited here
since it can be easily generated from the effecgive prestress and'éc—

tentricity of prestressing force shown in Table 4.3.

~

The cracking'and ultimate strquths, and loading ratios V¢
and §, are célculated with respect to the centroid of compression zope'
of the failure sﬁfface. “For combined torsion, bending and shear ratios
Y and & differ somewhat ffom the initial predetermined ratios used
in the load appliqétionAbeééuse the location of the actual failute‘crosa-
section usually did not coincide with the assuméd failure cross—séctiop.
The maximum twist aﬁd deflection at the centerline of th; test zomne éor-
respond to values recorded at the end of the load increment 1mmediatgly
preceding failure, It should be noted that failgre is definéd ﬁetein

as a state when.the beam could no longer sustain increases in loadsrto'

vhich it was subjected.

~

28



40.

&
o Suppusq-awsys 20 Sujpuaq vang gy

i S -, . LeIsurwasqepur -
€0°0 69y T cye'ec| 98z's| (&'t 14 321 €L'o , 291 8'¢8 0z0°0~ 1242 ¢ 62% 029y ! 9
90°0 - 0Y9 14 CELLT ! 0ST°'E| 00°¢C 114 9¢T 00°¢T 0°T¢ 0°%01 810°0- LI9T ey a,OOn <
§1°0 €£9 4 €EL°6 891°T | 00°S (749 99T 10°y TT00T 0°LTT 920°0 (38 )1 ,,omc. T6OS | ¢
190 9t¢ z syL‘y 1zz'a} 0z'6 1441 [¢14 4 86°'Yy T°967 0°S9 00 TOLT | 98y 1Y | € v
1$°0 [1%1 1 144981 S0 91T (4¢3 ) 14} 9Ly Yy'062 e 1Z0°0 70%1 166 950§ | 2T
€S0 0 s [ 000°0 000°0 | £9°TT (373 [ 00°¢ TTe 0°'0 9100 ETYT iR STII§ | 1
00°0 €9 T - - 0 0 8LT 0°0 00 O°EET 800°0 13424 "9y €88y | ¢
10°0 {18 [4 ] - T86°T 0 [13 91 0'0 [ 3% 4 9°621 000°0 , 8TPY 08€ 969y 9
¥0°0 ‘ {911 N - T€e°1 0 81T 34 % 00 L°%6 0°'91 0t0°0~ (11823 €EY sCZv | ¢
{1°0 0L6 [4 - TSL'0 0 902 {114 0°0 1°8%1 ¥ I 700°0 €T 96C 968C | ¥ w
[ A} 1178 T - €€L o 0 8Ly 6ST 0°0 € L6T 0°66 sto°0- 01%1 08€ OIEY | €
$8°0 (1,9 1. - "Wio 0 99 11 00 §£°68¢€ 6°¢S z10°0 81T €6y 0s6y | T
66°0 1] (1] L] 000'0 0 6L - 0 0°0 S5y 0°0 900°0 80%T1 . 69¢ 8yI¢ 1 1
(1) {01 X uR/pea) A, m.;AAIVAaﬁés ?&ﬂSVAAEVAad&c ?3%5v ) %:e 9%, 9 | -ouldnoas

v SPOH | 12 1 A K X1 A W 1 ? v OD
BOTID8T8p [383A1 3o syfuy| ean . : (pawaunop |30 °
sui1anateg ~1iva | sorawy Sugproy LEL 2] (il Surxowa) ay 9AFITR0d) . ew 183y :Mw_-MWU s
peo] payrddy L3yoya3ueazy 9AT399333| ®38adu0)
S110STA ISE1 €'y TIVL

3




41.

Suypusq-aveyw 1o Jurpusq Bangd 4y

sysupmsIepI e
00°0 [144 T 16979y 1Tl ] L1°Y 61 LET 96°0 LSt 0°€TIT y10°0 1% 4 ¢ 88y LISS | 9
*0°0 (3129 T BOC LT} €9€°C | 09°2 LS (118 3T L6y | ass ¥10°0 6291 113 2 1443 I 1
61°0 €T 4 28L°6 | 9Y0°T | €¥'y 21 (113 ToYy st 6°L11 00 124 ¢ 69y Y09 | ¢
$T*0 802 4 91°¢ | LE€°0 | 00°8 89¢ 124 169 (1149 0°801 010°0 L191 18y onsc. € o
- 1270 L6 1 9$8°T | ¥80°0 | €E€°TT [£73 £9 0y §°¢92 |44 610°0~ TTYY 9 90661 T
o 0 [ 000°0 | 000°0 { 0€°Z1 8L ] $9°9 9°92y 0°0 L10°0~ 9191 89S 80%9 | T
00°0 8s z L - 0 1] 1LY 0°0 0°0 €°901 $00°0- 917t 0€s oIS | ¢
10°0 991 4 - oo0'el 0 9 . 891 0°'0 Tty 9°621 €10°0 131 Tos 6%ES | 9
§0°0 80t 4 - L7430 8 0 91 {91 0°0 €401 [ A4 A4 600°0~ 1091 9y OIvS | ¢
€10 L 74 z - 05¢L°0 [} 001 0s1 0°'0 8°uUT 9°621 600°0Q 9291 Yy T6NS | Y n
1T°0 1424 4 - e 0 6L€ Wt 0°0 €°062 0°801 $00°0- [344¢ 8T 909S | £
18°0 991 T - 09170 0 299 901 0°0 T°1% 9°8€ $00°0~ szeT 0ys 8I8S | 2
01 0 (1] » 000°0 (4] oLL (] 0°0 L y9¢ 0°0 $10°0~ 1144 S6y €809 1 1
Au*v. (01 x u3/pea) ?nvc ?3“;.5 ?&u.ns ?w:,c A.&ué: :&u..i (up) ._:.e 4o, 3, 1.ouldnoag
v 9poR | A3 | R_oa A H 1 A ), 1 . Y_ . %
.-_“Hwnwwuw I jo erduy L“um i i savmpatn 3V Suppoway Iy Mmﬂnunmw 339, . (ved) g
. s8211882d | yibuails
-w«unu Sutprol . POl patddy &33o713u8323 2AT3I02333 | #3183D5U0)

S1INSA¥ 1S3l

(P, 3u0D) €£'¢ FTEVL




42.

Suypua~1veys 20 furpusq BIng 4y
savuymIsIepul -,

200~ T0L T Jezs°se | oov9 ] se' 14 097 €6°0 041 T 601 N 1991 Yy ots | 9
€00 €69 T |9oteLr | ceyz | ¢ 09 691 0s°'T LN (3 T 689°1 fzn 8y 269y | ¢
"o €6y z |eees | zzor 00°¢ 06 991 T0'y 4} 7] 0 (11 891 2991 0zy si05| ¥ -
"o €9 T |sery | zsco | teeor 1{13 vET 1134 L6y y's6 291 SSET 78y ofoy | ¢
960 002 T 1988t | 1010 9°91 128 €8 114 8°zzy g2 2991 1291 0TS 159y | T |
1$°0 ] we [ 0000 ) 000°0 | £9°91 ) o 00°0t| o0°009 0°0 0€3°T 96£T 62y 998y | 1
0 143 z & - "0 0 113 00 00 LEyT 899°'T 6091 9y 99y [ ¢
24 4 3 £6€1 2 - BT0'E] o i 74 4 0o 9°Ty 9°g2T 699°1 13439 sey vy | 9
£0°0 729 z - 8ZE'T| O 1244 91 0°0 6°1L $°56 60L°T 6291 v6€ 950y | ¢
otr'o 0911 4 - 8yL'0| o 0fz Lt 0'0 vt 138 144 00t STyt Ty @315 | v | av
99°0 ocer z - 992’0 o 99y 174 00 z e 0°66 089°1 243+ 96E £y ] ¢
92°1 124 GE 1 - wio| o 98 124 0°0 8'89y $'9 0$9°1 €291 TSy €oLy | 2
960 0 w | .8 “Joo00] o %06 o 0'0 098y 0°0 999°1 K13 98y 169 | 1
Ans (501 x up/pwa) ?nvc ?&u.n: ?&u.na .?nu:e ?.:w_;_c ?3“;5 (u7) ..:.e ds, _.“..u +ou}dnoay
ooﬁumﬁ-v ISIAL jo arfuy -mwu m_. -9 m -4 A n L . 4 . ?..-:“aov Eu, =% (¥sd)
sujrasavey ~ttu Saveiag - v fupaensy 3y aAT3F80d) ..-uu.-r_ yasusaag e
soyiwy Buyproq pro pejrddy L319733u800% »AT299337 #301300)

S1InSA¥ 1S3l

(P,3u0D) ¢y

anevL




43.

Suypusq-aveys 10 uu«vQUA IANg gy
ITUTHIBISPU] o

10°0 [X44 z ‘Teresy| o19°9 L1670 1 ¢4 € 1’0 L 14 T°60T 19°t 8091 08y WLy | 9 i
10°0 801 14 Y8 ¥L9°T ) €£°2 &Y €1 51 1°€€ yee . $L9°1 1144 ¢ .8EY 696y | § i
{10 €T 4 0SL°6 | SZ9°T | 00'y 114 244 {108 ¥ 0°09 £°Ls wnowa i1 L98 6%6E | v
92°0 19 4 €EC°y | T€T°0 ) 00°6 08§ L1t ¥€*'9 [2811% y'e 9L9°1 18 2¢ 86% Wy9y | € B
£€°0 621 ﬂﬂ TLE"T | 6%1°0| OO°2T 0TL {0t 66°y €°667 9°9y. 889°1 t244¢ SSY  Tovs z
90 0 L1 000°0 | 0000 | 00°21 016 o 85°¢L 8°vis (] 949°1 1244 T6€ O%2¢ | T
00°0 sot 4 - - 0 0 91 0°'0 0°0 8°221 T9°'t TINT B80S %Z65 ) £
10°0 {1 z -’ 000°¢ 0 oS oSt 0'0 ey €°621 €L9°1 2091 €€ nwmn. 9
€00 743 4 - 6€€°T 4] 601 9%T 0°0 £'1L $°s6 99°'1 60%1 SEY %695 | €
60°0 Tee 4 - oss'of o 007 oSt 0°0 L7981 $°921 $89°1 (A4 €€y SuTs |y oy
R wr 4 - €160 0 60y 9¢T 00 [ AR %A¢ §°T £€29°1 60%T [4: 23 74 S 2 I
$9°0 e 1 - 9¢1°0 0 95t 144 00 6°9L¢ 8°86 €99°1 hasae TLy seos | ¢ .
60°T 0 (2] » 000°0 0 9ZoY 0 00 L7019 00 99°T 1197 £SY $66¢ | Y B
A”c (501 x ui/pra) . ?uvc ?ﬁu..ﬁ ?&u;i ?“3 ?&u.uc A.&ués 9 c:.e 4 %l wsuu
uo«uomauov IsyAL jo eyduy -wwu mm -9 m -4 A % L A — . Avu-r”:ov uu“ «% (38d)
suptTIaUe) -T1%d bl SR 4 Bupnoeay 3y ®8AyI¥s0d) -nuuurouu yasduaaag e
20739y Suypron pro] patrddy K3voya3u9003 »A¥399373 ouwuucou

SIINSAY 1S3L

(P,3u0D) €'y RTEVL




44,

furposg-aveqs 10 Suypusq sang .

iz

000 805 £ £96°28Y 955 2z| 270 6 07 | 2o ] 8sT 3381 s9c1 sey gt9c| 9| -
90°0- - 744 Z | oferez|ovys | 21z 1] 9%z | €401 L1 "1 UT'T y9€1 £SY 9065 | ¢
¥0°0 ol z 189701 § 85L°1 | €y°¢ {2 444 £6°¢c <6 91 e 9EET By €109 | ¢
tyo 1114 z SS2°y {010 | ve'zt 849 o1z (9 ogy T o1zt 191 sey yiss| ¢
§v°0 06 t 628°T | 60T°0 | 06°41 1001 601 06°¢L 114 8s 0vz°1 98c1 ey sees| sz| Y
%50 (73 1 SLT°T [90'0 | 907t oty |- g 95°01 162 *” ozt 88c1 00s 9to9 | 2
£5°0 0 ss | 0000 |000°0 | £9°cT z501 0 €z*o1 £69 0 17243+ it 00y 0919 | st
990 0 s [ 0000 |000°0 | 16°¢T L1901 0 16°6 19 0 118 66ET | e8¢ sasc| 1
00°0 09 £ vL9'6€3 CEC'0E] 610 | 9 z81 61°0 9 . Yotr $6€°T 173 8y 29| 9
20°0- 50y € | ssriz|estz | g2z 98 691 09°'1 17 123 69C°T 8SET SIS c685| ¢
£0°0 09y £ 18L°0T | 10S°T | 62°y ar 1114 {34 69 £01 £61'1 Y01 8y o9
92°0 09z 1 vy, | 8220 | 99°6 68¢ 91 66°s | s9c ot Lozt 8yyY 0% vys| ¢ | HE
$v0 861 1 0z8'1 Y 111°0 | 62791 196 Y01 96°L bee 8s 892°1 96€1 £ES €209 | 2
o 0 1 w | 0000 fxxrurluhhhm~ £e6 0 /«a.h 13 0 o1t 0%t t6y svs| 1
A”“v (01 x up/per) ) A.”“xWI,auawu.aav A-a«u.u«v (3¢ry) A.aﬂu.nqv A.nﬁu.aﬂv (ur) aaﬁaav. ds, 25 | ~ou|dnoan,
uo.xum:-u ITAL jo eytuy -wm.. mlm =9 m -4 A z 2 A . 2 Gu,_.:“aon :u - % (399)
surlia3usy -13g ' ST v ,//-n«uu-uu v satatecd) ..ouu.o.m Yaguaiag s
- soyIvy ﬂﬂ«ﬂlg pro gﬂ.—.&ﬂ‘. \ UﬂOdHHEUUUﬂ O’.ﬂuutu.«ﬂ .u0h0584 .
I )
. SLNSZY 1571 (p,auoy) XL L



45.

-

Suppusq-avays 1o Surpusq BInd ¢

otr'0~ $9¢ € TST ST vy 1| 1€°0 6 (114 1€°0 6 0§t €ge°Y 9801 82 91vs ! 9
z0°0 ote € T00°TT | 009°S | 60°S 09 9fe 60°¢ 9 61 szl 8v07 §ZE TESY | S
o z0t € €Y8°S |625°0 | L0°6 109 81€ 1y |- w2 132 S T (3 | 111} 00y €68y | ¥
o 124 1 $00°C [962°C | ¥9°ST %6 414 v9°¢L 171 19 Toe'Y 1501 9L wyy | ¢ b
9y°0 (134 T 162°1 | STI'0 | 16°9T S9ETT 1€t y2°8 €9¢ os 612°1 0£01 ey 019y | 2
950 0 we | 000°0 |000°0 | 85°LY 0811 0 168 809 0 "©e'y T01T au,‘omc 8505 | 1
00°0 v99 € 000802} 009°T%| $T°0 1 802 €20 s 174 ¢ 0870 cwt. S6y TIYS | Q9
00°0 9oL 4 000" %] 000°8T| £2°0 8 1228 sz'0 ] av 8LL°0 oLy €5y Sevs | w9
7o (143 1 v90°6 | 909°0 | 18°y (87 "t .18°¢ €L z01 968°0 9Y 8SY 908S | ay
oto L1 1 T60°6 | 69510 | €9°¢ 173 €T €92 449 96 n~nuax 199 tsy cals | wo| 510
€0 65 1 €56°T | Z11°0 | Ov'9 9y os 06°2 1444 € $9£°0 147 oy 99%S | 2
90 8L 1 €€6'T 17110 | 0%°9 99y oS 06°2 e (%4 85L°0 t11) SLy 9t8s | *2
hﬁn“v (4,01 X ut/pe) A.“«MQ A.aau.sqv A.n“u.u“v A.u«xp A.a«u.cﬁv A.uqu.u«v (uyp) uﬁa.av 48, 3 |-culdnoay
v -u« PORIAL o R A .} 1 A H 1 ® Y _°, m
BOTIJN[IRPIISTAL jO BT ean| 12z I : (paeaunop | 3jo (45 1)]
»031a3093 - . siweniTa v o Bumer v saqarecd) | 4 | wasueas wrod
8031wy Sujpwoq pro1 patrddy R »u«u«uucuui »AT199333 #3230u0)
' S110s7d I1sal  (p,3000) €'y ATAVL

e



- - , B
. _ fuppusq-avays 10 Surpusq sing o,
600~ 9 Y 169°0TTj £99°85 ) £5°0 9 43 .mn.o 9 61 680°T 2001 | c2¢ oLvs | 9
20°0 111 € 686°0T | 9€9°¢ | 9vy°¢ 66 09¢ sL¢ 69 1174 686°0 866 6ve ges | ¢
1140] ofy ¢ YIZ°9 |£90°C | 9y'OT 68t 06¢ €T°L 344 092 6211 266 05 66T | ¥ | o
"o 44 4 866°Z |[2¢70 | 1691 806 162 89°6 €S 173§ L0771 166 1€y geZs | €.
0s'0 9 1 Z0E°T | <110 | 08°41 021 (13 610t | . 869 0 21 42 ¢ €96 65S 6795 | T |
$£°0 0 sy | 0000 {000'0 | $8°LT 14441 0 $8°0T 1 €L 0 8517 8.6 116 0095 | 1
(ur) (01 x up/pwa) (sdpn) { (2dpyouy) | (wdpreupy | (sdyw) | (sdyxneny) | (sdyneuy) (uy) (y8d). | ds_ > .
n 9 n n n d 2 -3 u 3 ] ou u:ouu
v g GNP | SO ® 1 A R L - . Y _o,
,BOTIDSTJep 3eTAl jo sYBuy| ean| I7 1 R : (paenuscp 1338 - (38d)
sugraeusy -tm ST v Sappoesy 3y hTareod) ..-mu.-um yaBusaag e
- s073Iwy Suyproq peoT payrddy uuouuucomum eapasegiz 93039u0)
SLINSAY ISAL  (P,3u0d) ¢’y TIGVL




i8]

-47.

4.3 Precracking Behavior and Cracking Strength

Torque-twist relationships fo{/typical beams of Seriee B and
C are shown in Figures 4.1 and 4.2, reapectively. Beams BS-2 and BH-Z f
shown in Figure 4,la were both subjected to predominant bending.‘ with
the exception that one beam was of solid (BS-2) and the other of hollow
(BH—Z) cross-section both beams were similar in every other respect,
i.e., overall dimensions, level of prestress, amount of transverse
ateel and concrete strength. Curvea for two other beams of.the same

series vhich were subjected to predominant torsion are shown ip Figure

4.1b. Similarly, torque—twist relationships for four beams of Seriea

C are illustrated in Figure 4.2.

Examination of these curves reveala that the load-deformation
relationahip deviates fromAailinear fuuction at about 50X of the crack-
ing torque Tcr' indicating that some stress redistribution takes place
before cracking. However, it should be pointed out that no significant

loss of torsional stiffness occurs at the precracking stages and, there~-

" fore, for all practical purpoaea a linear relationahip can be used.

Since stresses are distributed almost elastically throughout the crogs-—
section it is not surprising that the hollow beams yielded a reduced
stiffness as compared to solid beams, but this reduction is not very
significant since the opening is located aroundathe centroid"of’the

cross—section where both stress resultants and lever arms are relative-'»v

; ly small. While torsional atiffneas differs from one series of beams

to another owing to different cross—aectional propertiea, it is observed

\
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that stiffness is independent of loading ratios V.. and 4. In com-

paring the curves in Figure 4.1 and 4.2, it should be noted that they’
are plotted using different scales. A detailed study of the influence

of the other parameters on the torsional precracking stiffness is pre-

sented in Chapter 5;

The observations made regarding the tofque-twist relationship
before cracking apply’also to the moment-deflection curves shown in"” “
Figuresv4.3 and 4.4, Similar to torsional stiffness, flexural'atifff
ness before cracking is directly iﬁfluenced by the cross-sectional
dimensions of the beams; therefore, comparisons can be made only within
each series of beams. It is interesting to observe the ug&ard deflec-
tion of.beams BS-5 and BH-5 (Figure 4.3b). Such a behavior resulted
from a bositive-(downward)“eccentricitf of the prestressing force and is

ratio, §. 1In this case the

associatediwith a high torsion to béndi
fifst c:aék appears on the éop face and /consequently the compression
zone ;s'édjgcent to the bottom=£éce. D;;a reported in Table 4.3
ciggrly.shows that the major factors influgncing»qracking torque and
cracking mode are the loading ratios ¢ and 6. Other.eff;cts such
- as eccentricity of prestressing force and amount of transverse ;teel
should be studied in conj;nﬁtion with the above two lgading ratios. -
For examplé,«eccentric prestress increaéed cracking torques only for
lower values of V¥ where bending nﬁllified the eccen;ricfty of pre-
stressing force. Oﬁ the other hand, pfesence of stifrups increased |

torque only for beams subjected to high torsion to bending ratios,
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since the number of stirrups "intersected" by a potential crack in-

R 3
creased as Y increased. Comparison of corresponding groups of beams
in Séries A subjected to combined torsion and bending only and torsiom,

bending and shear reveals that the presence of shear reduced cracking

'strength. When examining all the above effects on the cracking stt:ngth

At is also -important to note variations in tensile and compressive

strengths of concrete.

Strain data shown in Appendix B indicate that increase in

stirrup strains becomes significant after about 50Z of Tcx and im

R4

. associated only with predominant torsion.  This observation is compa- °

tible with the stirrup contribution .o the :racking strength nﬁ}ed>

above.
’ .
L. 4 Development of Cracks, Postcracking;Behavior, and
Ultimate Streng;h

=
2

i
L

N

A typical c¢rack pattern for a prestressed concrete beam.fund_ert
combined loading is shown in Figufe 4.5. Appearance and crack fdﬁma—
tion is similar. to that for reinforced concrete beams®3, except that

the inclination of the cracks with respect to the longitudinal axis is

N

'generally smalier for prestressed than for reinforced»toncrete. Using

T

a Mohr's circle approachsl, it can be shown that this angle in pre-

"etfeésed concrete can assume a value 1ess thanf30 degrees, while in ¢

(reinforced concrete it always exceeds- 45 degmees. " For beams subjected

to- predominant bending the first crack started at the middlé‘of the

,bqtpomﬂface being almost perpendicular to the beam axis and-as the load



TYPICAL

ﬁ'g v

CRACK PATTERN

1.
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was increased this crack extended to the vertical, faces. Furthet in-
creases in loading caused formation of new cracks on the bottom and the
two vertlieal sides. For mcderate torsion to bending ratioe a crack

.an on the vertical face, on the south face where the diagﬂh;iﬁt
tension stresges due to flexural shear and torsional shear were ;d
'tive.l Finally, when torsion was predominant and eccentricity of pre-
stressing force large, the first crack appeared on the top face. It
should also-be noted that the beam cross-sectional aspect ratio plays a
signﬁficant role in the location of‘the first.crack' contrary to the
Ser178 A (aspect ratio 2:1) where the first crack never agpeared on the
too face, for Series C (aspect ratio 1:1) cracking on the top face .
becaLe common., Tﬁﬁs is not surprising since ‘in an elongated crogs=—-
sectfion torsional streeseeuare relatiﬁely much higher on the vertichl .
than en the horizontal faces while for a square cross-section stresses
due to torsion are of equalimagnitude on all four faces. Similar to
crac’ location, angle of cracks with respectjsh the longitndinal-axis

I’
7

is . lmarily influenced by the loading ratios Y and ) and the beam
geometry. ’ . o | J‘B -
Both torsional and flexural stiffness gradually decreased
after the initial cracking had been reached Generally, as shown in.
Figures 4, 1 and 4.4, the loss in these stiffnesses was more pronounced
‘for the hollow beams as compared to the solid beams. Comparisons of

load-deformation curves show that the torsional stiffness increases as

the torque to bending ratio decreases, while the torsional ductility
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decreases as the torque to bending ratio decreases. On the other hand,

both flexyral stiffness and flexural ductility increase as"' decreases.

This implies rhat torsional and fleiural stiffness and torsional and
flexural ductility in the posrcracking range are interdependent; this
is in contrast to the precracking behavior. Data shown in Table 4.3
for beams of group B1S suggest that both the torsional and flexural
stiffnesses increased as the amount of web reinforcement was increased'
the increase being much higher for beams subjected to predominant

torsion.

After -extending across the tension face the crack propégated
to the adjacent two faces at approximately the same angle as 1t began.
»

As the ultimate load was approached the depth of the uncracked zone,

which was locatedjadjacent to the fourth face, decreases. In the case
of predominant bending the uncracked zone was located adjgcent to the
top face and at ultimate, crushing of concrete in this éonggu?s observed.
However, if torsion was dominant this zone was located adjacent to the

'

vertical north face orvthe bottom face. No crushing of concrete was
observed but instead cracks appeared in this zone in the same direction
as tension cracking described above resulting most 1ikely from tension
failure of the concrete subjected to a combined state“pf stress. This
contradicts observarione:of many researchers, who reported croshing of
concrete for all three modes on one hand, and on the:orher, supports

t%; findings of those iﬁvestigators who could ndf;observe any Signifi-

cant compressive stréin in the "cogpression" zone. In this investiga-;

w dem,

[
3

.
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tion an attempt was also made to measure concrete strains using mech-
anical Demec p6£;;;\$ﬁt no measurable cdmpressive strain was observed
even at the loading stage immediately preceding failure; It is rea-
sonable to believe that crushing ofbthe concrete in the case df
moderate or predominant torsion, as reported by some researchers, is
not a failure but is a postfailure phenomenon occurriné only after
significant loss of .capacity and\§%%$§t§%:utiop of intermal forces
carried by copcrete and reinforceﬁé%i. F&r this reason, some of the‘
fundamental assumptions involved in the skew bending analysis for
ultimate strength of beams under combined loading will be‘re-examined

in detail in Chapter 6. Photographs of beams at failure presented in

Appendix C alsb reinforce the above discussion.

4.5 Interaction of Torsion, Bending and Shear at Ultimate

i
The interaction between torsion, bending and shear at ulti~

- R . ~F.
mate is a three-dimensional problem and as such can be represented

only with a surface in a three-dimensional rectangular coordinate
system. The major axes of such a coordinate system define three perQ
pendicular planes; torsion-bending, torsion-shear and bending-shear,

and for convenience, only intersections of the interaction surface
Wiéh these,pléhes is often studied. Thus.the problem of a three~ f&

diménstbhal surface is reduced to a series of fwadimensional'diagrams.

[r——
R B

Intersecgion of tﬁesé’diagyams with the coordinate axis represents

-

the'strength of a beamaiq,ﬁhfe torsion T -, pure bending M ~, or

RS 9

4
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pure shear Vho. While it is easy to subject a beam to pure torsion’
or pure bending, it is impossible to obtain shear in a beam over a
finite length in the absence of a bending moment. This implies that
the iﬁteraction between torsion and shear, and bending and shear,
cannot be obtained experimentally. For this reason the flexural shear
. capacity has been usuall; defined as: ‘ .-

-1, The theoretical shear strength calculated according to

ACI equations, or

ii. The shear force acting when the ultimate flexural capacity

is reached.
o ‘
Although both definitions tend to distort interaction diagrams near

the shear axis, the second definition is adopted here since it is based

on tests.

Torsion~bending and torsion—shezﬁ%:iagrams in the nondimen-
sionalized form for all groups of beams reported in this investigation
are shown in Figures 4.6 through 4.9. With the exception of a few
beams in Series A, it-cgn be observed that the intéraction between
torsion and bending, and torsion and shear can be conservatively rep—

resented by the following expressions.

2 2 . | |
(T /T )" + MM H* = 1 (4.1)

2 : 2
(T /T )"+ @ /v )" = 1 | (4.2)

The above equations are identical to that proposed by Woodhead ‘and-

McMullen’S, Torque-bending/iiteraction represented by Equation 4.1 has
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?
been suggested by Henry and'Ziazg, while they proposed the following
relationship for the torque~ghear interaction.
8
T/T,, + Vo'Vo =1 ' (4.3)

It should, however, be noted that the value for pure shear v o in

- Equation 4.3 hag been defined according to ACI!. , , I\

Probably the most complete study dealing with interaction of
torsion, bending and shear has been done. by Mukherjee and Warwaruk®®,
Although somewhat complex, their equation for the curved intenaction

surface includes explicitly such effects as leve o prestress,

concrete strength agg the_eccentricity of prestressing force.
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- CHAPTER V

§

CRACKING STRENGTH, THEORIES AND COMPARISONS

5.1 InCrshuction

v 7

Although récenf design approaches have been conceruéd,mainly
with the determination of ultimate loads that structures of structural
members can sustain, in some cases the determination of the cfacking'
load may be of equal imp;rtance. For example, structures cx; °~d to
atmospheric conditions that may cause corrosion musflne designed to be
crack free; sgrviceability rather than strength regq aments 711
govern the design of water tanks or other similar containers. The
necessity for a cracking analysis is evén more p!onounced in the area
of prestressed concrete fqr two reasons: firét, any corrosion is more
dangerous here than in.reinforced concrete, and second, ﬁhe ;argin
bgtween the cracking load and the ultimate load cou;ﬂvbe vé;y small.
For example, in the case of beams that are lightly reinforced in é

transverse direction, in which torsion dominates, the cracking and the

ultimatevload are almost identical.

Wﬂ;le a craéking.analysis is straightforwarq in fhe case of
‘bending, the presence of torsion makes it quite complex, since the
Névie;ihypothesis of a planar cross-section is not valid. It was not
realized un;il-the turn of this century that the shear stresses in a
-member subjected to torsion can not be solely interpreted by circular

shear flow (Saint Venant torsion) but also may be caused by a change

Iy



in the axial stresses (warping torsion). If both of these effects are
of the same order of magnitude, the interaction Between Saint Venant

torsion*® and warping torsion’? must be considered:

T = Tsv + Tw (5.1)

7
P

‘where Tsv denotes Saint Venant torsion and Tw denotes warping tor- '
sion. A rigorous"analysis’of warping torsion is complex;yfortunately
the effect of this component'doée not’dominate the behavior of most
reinforced or prestressed concrete members, - particularly in the case

of rectangular solid and hollow box sections (Figure 5. 1). Therefore,

its contribution will be neglected in this study.

‘Fﬁ?é_'; In the following eections available theories are. briefly
reviewed and two procedures are proposed Oné 1s based on the elasto-
plastic behavior of concrete and includes the effects of" principal
stress interact_on and recognizea stirrup contribution. In the other
procedure rectangular cross-sections are treated as equivalent ellip-~
tical cross-sections and in the cagse of hollow- box sections, as ellip-
tical tubes. In all cases,only combined loading’(bénding, torsion;
shear, eccentric prestress) is considered; pure torsion,.torsion and
bending and concentric prestress alone constitute only special cases
and can be easily deduced from the derived formulas. With the excep-~
tion of Section 5.3.1 where principal stress interaction is taken into
account; the tensile strength of concrete is taken‘as that obtained

: a7

from the cylinder splitting test, ‘ v R
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5.2 Available Theories \\

5.2.1 Elastic Analysis .

According to this analysis conéreté is assumea to bévan
ideally elastic material, therefore, the effects of combined loading '
" can be superimposed. In the following discussion refg;ence is. made

o

to the plane-sttess transformation formulas®! shown batow:

- + ! .

omx’ min g/2 J(c 2)7 + 17 ‘ (5.2)

! tan (20) = t/(0f2) | (5.3)
" For a general case of loading a crack [ - on either-

the vertical,.bottom or top facé; therefore all t. >cations must

-

be examined, as discussed below, and thé‘sméllest.value of aarque re-
. ) o . ; g, ' ' )
presents cracking strength. . . S g ' g

-

-..,..//‘;

failure is’equai to the cylindeﬁgsplitting stress (0 max - fsp) and
o g . -

K

substituting the superimpos@l values of normal/and shear stresses from

Figurev5.2a'into Equatioh 5.2, craciingltorque can .e obtalned as

follows:

o ' — 2 2
1M : -6be 1M 6e T
f =2Z|l—-0c @0+ +w\/— — -0 Q1+ +|—=
sp »2 [Sx o h ] 4 [Sx o'". h ] [Bbhz]

After franqusing the first term from the right hand side to the left,

;o
[

SQUqring.both sides and simplifying, this yields:

2 . M 6e.| - T
fop - .fsp[sx "% @+ 3—.)] '8bh2

O

B ! . o ’ . n

Bottom face: Assuming that the maximum princin; stress at';

l}-" ‘
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pA

Substituting M- T/w and solving the quadratic equation for positive-

root glves:

T8 -bthf r{: -—B+J( B) + (1 +——)+1 ] (5.45
cr 8

where superscript B réfers to bottom face. ‘Having‘obtained Tc;.'

. 3 ) ) - )
shear and bending at cracking can be found: ‘
| T | ™ | /
B e ' B B
M = : Ve = 2T ‘
cr Tcr [¢,¢ and ARSI er .. 2 cr /(?5)
J ’. ) .\'.:?’J
When “the resulting normal “and sheﬂ? $¥ges are substituted in Equa--
tion 5.3 the inclination of the initial cnack with respect to»!ongi- :f
tudinal axﬂi is: Lo e
o a B B |
=% a4 , T ¥ e & '
v ecr -3 tan B 5 TR _ = (5.5) ¢
86 Ter - opny avg®] |
: :"V\‘:';i~ v‘ . N '3 ) . .'. R . o \“ i r 'S g

.

Side'gace: N% normal stresses due to bending exist in thi( é

SﬂAshear will be present, as

: case, however shear stresses due to f»-'

indicated in@Sigure 5. zq Substituting resulting stresses into Equa-

?'}“Q't: h 5 2 gi ’ _L ‘
' - o fo 3 . 2 e
o] [o] . i T 3v W .
£o=-324 Y6 + (L + 22 | e
sp 2. 2 ath zbh . i -

or: B ) i

' o 2. % 2 2
. " Co T 3v
' (f, +5) = (-—9 + (—5 + 53

| sp 2 abbz an

-

Using V = %g- and solving above equation for T, the following equa-
tion is obtained: ' o —

LAY

-



N - . ‘hbzﬁ ‘/1+,o/t o \
"‘T,”' T - - (1/0. + 3/6) b | J (5:6)

T

‘ where - uperscript S refers to.th de face. The inéTinatf%n of
' ' ;e i " .
the in .al crack is obtained in a similar way to that described above:

4 . o

' 2 /T+0 Jf
S 1 -1 _0 8p :
. }ecr 7 tan OolfB - : ' 6D

Top face: A similar procedure, to that described for the
bottom face applies here, except that the bending stresses are of

‘opposite sign, as noted in Figure 5. 2a. Tﬁe follawing equations can

. ....v—\

be directly deduced from Equations 5 4 and .55 -, R
* P Y . 3

: T 2 N : — . g‘;’ .

‘ : T 2 3 3.7, % 6e. SN
r 4 T, Abh.stp [RU B + J; B) +"£sp (1 " h ) + 1] .(S.‘8)
- o 2 1 2 Tcrw . .
. 6, = 7 tan T (5.9)
s v Bl6 T+t 9 bh w a - “—i] .

! 1
~ - . E%S

Essentially the same formulas in implicit‘férm forwcracking

. analyeis of nxestressed concrete rectarngular beams under combined load-+

Y

£
ing, were first derived by Woodhead and McMullen , who used the Mohr's

~

o y
'circle approach rather .than stress transformation formulas. Torsional

constants o .and B for a rectangular cross-section. are shown in f

s

Table 5.1. Theoreticallpredictions, using the abpve derived equations,

for beams reported in this inve.stigation are listed in Table'-S.Z\andi a

¢

detailed discussion is given in Section 5. 4 ‘ | . _ B i ~;£\

A similar procedure can be used for any cross—section, Gen—v_

e

&;J



TABLE 5.1 TORSIONAL CONSTANTS FOR RECTANGULAR
CROSS-SECTION
h/b a B Y 54 ,
1.0%‘{’ 0.208 | 0.208 | 0.141 ] |
1.2 | 0.219 0.196 |.0.166 a4 "
ey 1.4 0.227 | 0.184 0.187- -
1.6 0.234 | 0.174 | 0.208 )
. 1.8 0.240 0.169 0.217 p— b —=f
:: el . : qff'v' - )
Cogiownl 2.0 0.246 0.155 . | 0,229 T T
g et SO Ty © 2
T2 ; 0.258 | Q135 |24 | T, bR
3.0 | 0.267 0.120 0.264, | L T
N PTg = 5
. 5.0 ' 0.292 0.079 |. 0.291 T Bbh
10.0 0.312 | 0.042 | o0.312 | ¢ TL
| o T T3
oo 0.333 0 ,| 0.333 Yb hG
8 Cy '
7‘"_‘ o ;:’ 4r -~
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erally, for shear stress distribution due to torsion, the solution of

the following differential equation is required: ’

"2 2 . o S
TFOGY) 4 A E(®) . - 2R (5.10)
) 2 Ky .

9 x ‘ 3y * ‘ '
| v i
where F(x,y) denotes the stress function in Cartesian coordinates,

KT the torsional rigidity, and ¢ the angle of twist~per uni§ length,

Unfortunately, this differential equation has been solved only for

<

relatively few shapeS' circle, rectangle (solid cross—section), ellipse,~

X

equilateral triangle and a segment oflpircle For other shapes, numeric—

R w s - ‘.\
,al procedufes in conjunction ith a physical model, such as that from

the membrane analogy, must be . utilized This analogy 1s credited to

rPrandtlsg and is based onN e similarity between the differential

,pressurized membrane over an opening
: v-‘;‘ , ‘
having the same cross—sectional shape he “cross-section subjécted

equations for torsiom®:a¥

‘to torsion. In this analogy torque fis proportional to ‘the volume under
raised membrane and, at a given location shear stress is proportional

to the slope of membrane. =

5.2.2 Plastic Analysia

* According to this, theory concrete 16 assumed to be an ideally

plastic matérial and, in the case of a rectangular cross~section shear
. ' - Q

‘stress 1s given by the following equation:

- T _» | ‘ T Al

&“‘ax, kpbzh . ~
& . P -
) LR A SRR
*"where: : ﬁ? ‘ '
1 1b ' : - ,
k=3 Q-39 | o o (5.12)

e

e
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~

Equation 5.11 has the same form as the one based on elastic theory, the

i

only difference being in the magnitude of torsional coefficients. In
Figure 5. 3 these coefficients are plotted as a function of aspect ratios
h]h. Comparison of Values of T nax would reveal that the plastic theory
predicts approximately 507 higher values\ﬁf T x,,'(and therefore T )
over elastic theory. Nevertheless, a- 1iterature review shows that these
two  gheories are equally used To recapitulate according to both

theories torque.can be expressed as;
N ] 2 . v » ’ ' N

T = ftkb h ST T (5;13)4

e the torsional coefficient k is given by Equation 5. 12 in the
\ J .
of“plastic theory or in Table 5. 1 (denoted as a) in the ‘case of
g
elastic theory. Since concrete is neither an elastic or a plastic

material it is not surprising that test results always fall between

values predicted by the elastic and plastic theories. Tensile strength

of concrete ft used in Equation 5.13, is usually expressed as a

-~

function.of compressive stress fé, as: v . ~
" , S o
Sy ft = coef Jf(': _ v_ : " (5.14)
- K - '
N - K i

C) |
" To fit experimental results, those reSearchers who used plasé
~ s

- tic theory have taken the coefficient in Equatdion 5. 14 as low as 4

(Collins®?)- or 5. (Barton and Kirk“), ‘whereas those who believed that the
he 9

elastic‘behavior 1g more appropriate uséd, for the same coefficient, a

value of 7.5 (Woodhead and McMullen’®). The tensile strength of concrete

is influenced by numerous factors including mix variables, size of speci~-

Pl
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men (strain gradient%s type of loeding (tension-compression interdééion),
etc., but is least d&pendent on the theory usedrl For the reasons men-
tioned above and because plastic theory represents an upper bound
solution (which is not on the side_of safety% it is not used herein for

<
€
predicting cracking strength of beams subjected to combined loading.

5.2.3 Skew Bending Theori

Based on the hypothesis‘pr0posed by Lessig®?’ 52, Hs_u31 de-

rived the following equation‘for torsional strength of a rectangular
. o

longitudinally reinforced beafn: ’ . -
- 1.2 . |
T = bn’(0.85 £)) GRS

Assuming that the factptﬁﬁﬁbs £ represents tensile strength under '.ﬂbal

combined loading, Equat-.ﬂ 4&

elastic and the plastic theories (Equation 5.13). Figure 5.3 ghows - -
)‘ .

V‘that Hsu 8 solution is bounded by the two classical theories.

: - 5 :
The .same approach has been extended by Gangarao and Zia?* to

include torsion and bending. The general case of torsion, bending and

_ -shear 1in prestressed concrete rectangu%sr beams has been presented by

Henry and Ziai . For comparison, the final governing equations derived

| rRanbi
t

by «.nry and 21329 are shown below: - R ;

Y

Bending mode (crack starta at§the bottom)

- . o,
o 22 =
_ bh3 fSP + 2 (1 +Ah' Sa ,€os 29() ) i
'1‘cr =3 1 - -7 (5.16) ",
. gin 20 + $-(1 - cos 20) ‘
. The value for- © corresponding to minimum cracking torque is

I . . s

\J
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b
tound by differentiatiny Equation 5.16 with :aapect to 6 and equating

) #ﬁo zero, ylelding: & Q
B2 f‘?

1 6e

cos 26 + v sin 26 fBp a+ n )

T~ eos 36 - " 2f ‘ 6.1
sp

l\
4

Crack inclination 6 1s then substituted back into Equation 5.16 and

cracking torque is determined:

Torsion mode (crack starts at-the side)

6e , 2. —
£, + 0, {1+ ——-(sgn)] sin“0 _
T =, .
cr ~§—-si 20 + _ll.iﬁﬂﬂ_l sin 20 + _Z_E_ﬁﬁﬂﬂl.sin 8 (5.18)

b 2b hG b h 6

where : sgn can.take a value of +1 (crack starts at the bottom of

front: side) or 0 .(crack star{:s at the (ﬁer of front side), and z

ss—section and the support

denotes the distance between f‘f&ilure

in a simply supported beam. Iééﬁtﬁation of the initial crack 6 is

A

given by the following transcendental equation:

£ 12 z (sggz
o, [1 +'—— (sgn)](l-cos 20) -2 £ o8 20 t :
= b’h’s *(5.19)
sin 26 ' 3 3[1 -(sgn)]
\\-1 . "‘ - bzh\ ) 2 bzha
. . A ‘ ’ . \j ~ l\(‘
L ]
‘ By solving'Eguations 5.18 and 5 19 fo (sgn) =1 and (sgn) .

\\0 and choosdng the ‘smaller of the two values the cracking torque’ is

4

. » determined For an aspect: ratio of 1:2 good correlation betweeq test

results. and skew bquing theotry has been reported in the literature,

1,

buttfor a cross—section that approaches a square, this the y over

&

estimates cracking capacity signdficantly. Comparison of test results

\

- ~l
',"w,l
e

S <

.

-
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ot ‘ lt\;,,/“ . . '.'
< é":“‘f’ ';‘l .
‘ .aq' .
in this ipvestigation with skew bending theory- also supports the above

e

statement. This indicates that one of the fundamental sssumptions on
which this theory is based can'heﬂquestioned: formation of a bending
mechanism on an inclined plane, prior to;cracking. Essentially, this
igplies that a crack will form across‘the whole tension face as soon
as 2nsile strength is reached. On the contrary, experimental obser-
vations of beams subjected to combined loading clearly show (see
photographs of crack patterns in the Appendix C) that cracks start at
the center of either the bottom, top or side face:and propagate to-

wards the edges as loading 1s increased. RS

s s
5.2.4 Statistical and Numerical Procedutéb Kl

7

i "For the dete:mination ofaiéctor k, shown ihﬁt ‘

a statistical approach based on test data was first ugb3£@‘ the
University of West Virginial?’® 57. Mukherjee and Kemp proposed the

equation for thg torsional coefficient as;. .-

k= 0.4124(1 - 0.2333 b/h) L (5.20)'
: , U .

and, subsequently, Chander,. ﬁemp and W’ﬂhelm19 derived the following

quadratic polynomial: -
s
X

 k, = 0.4731(1 - 0.5924 b/h % 0.2763 b%/n?) (5.21)

A .
. 4 S ’ €

It is'interesting to note tRatsboth equatiops shown above

result in values for torsional coefficient which are closer to the

plastic solution for the entire range ofjpractical aspect ratios. 1In

both cases, a rather low value, 5 Vfé » was used for the tensile

Q



strength of concrete.

»

It has beéth mentioned in Section 5.2.1 that the governing

differential equation'for torsion cannot be solved for shapes having

re-entrant corners such as T, L,

I, H, or hollow box. Recourse is

often made to numerical procedures such as: finite difference or finite

element methods in conjunction with physical models such as membrane

analogy (elastic analysis) and sand heap analogy (plastic analysis).

Wyss, Gerland and Mattock’® emplo
method in order to gredict the cr
finite differenoe téchnique has b
hollow cross-sections. More rece

three—dimensional "hexadron finite

. stressed I-girders under combined

a

It should be méentioned
found by any of the above methods

by: flexural shear, bending and pr

stress to which a failure criteri

“In summary;, it should b

does not offer physical interpret

-'other hand numerical approaches

‘ simultaneous equations and, éhere

ever&day design practice.

1

yed a two dimenaional finite element
acking strength of I—girders. The
een used by Johnston and Zia"0 for
ntly Rao and Waqu,ruk66 utilized
elements in their analysis of pre-

w‘l“ .

1oading;’» ':Bf .

that shear stresses du& to toreion

A

are superimposed with those ca§sed

14

estiess to yield the general state of ’
. (,l

a is then applied. ) .

e noted that the statistical analysis

ation of the phenomenon. On the

require solution o! a large number of

fore, cannot be conveniently used in -

X



5.3 Proposed Theories

'

5.3.1 Elasto-Plastic Analysis

- ‘

: #
5. 3 1. 1 General Remarks and Assumptions: In this section

an attempt is made to include partial plastification of a cross—section

subjected to torsion. Although this effect has been recognized in the

case of bending, “it also needs to be recognized in the presence of
torsion and sherar. However,'i'flexural shear does not govern cracking

oL b strength itﬂ;y reasonable to assume that the shear stresses are dis-
v . 9;-; .,

,tributed elastically. Similarly the effect of partial plastification

&”én bending can be’ included-indifectly using modulus of tupture rather

*la;, ¥ . L
than the .direct tensile strength of concrete. vt

.

4 . .
o N - co~ _.{)'

s 1t.was pointed out in previous sections that experimental

TQ.. not correspond to purely elastic or purely plastic behavior )

ra

'kbut always fall between these twbisolutions. This implies occurrence

of some plastic regions.u Figdre‘S 4. shows shearing stress distribu— ‘

¢

tion according to the elastic, the plastic a the elasto—plastic
s L '\',

solutions. According to both classical theoriesqﬁyd the statistical .

,(analysis cradking torqqe for prestressqd concrete beams can be exgres—

4

¥

\ B sed in the following form' A L '

e T Rl
J Tc- & bzh £, JTHoJE. a2
where the coefficient k depends on the analysis used and the cross-

sectional aspect ratio, h/b. The term under the square rootvin

Equation 5¢22 denotesﬁeffect‘of brestress. In order tbd study the

g ¥
!

'.\) B - a
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. 3ection (Figure 5. Sa) and over a slender rectangular cross—section

1ized that the slope of the "dome" (Figure 5 5a) decagases at a’ fagter

80.

degree of plastification, Equation 5.22 has been solved for k ang
test results of this parameter are plotted in Figure 5.3. It can be )
o
observed that the test results are close to the plastic solution 1if
the aspect ratio, h/b, is equal to 2; those beams having aspect ratio
of 1.5 and 1 are closer to the elastic solution. This may appear con-
trary to the expected behavior since in the caseJof a gquare crosg-
section the maximum stress is attained simultaneously at the centers

of all beam faces, whereas in an elongated cross-section "yielding"

will start first at the centers of longer sides. In order to explain

this phenomenon v’on?w make use of the membrane analogy: Figure 5.5 -

shows a schematic;xaew of membranes stretched over a square cross-
g

(Figure 5.5b). At this point-it should be‘recalledwthat shear stresses y

are proportional to the slope.of a membrane at a given location. Pro- 2

ceeding from,%he middle to: the corners»along theiedge, it can be visua—

»1

. rate than the sldpe of the "cylindrical shell“ (Figure 5. 5b) since the

slope in the case of the cylindrical shell is nearly conatant along

this edge. This indicates that in the case of a rectangular cross- .

section yielding will be attained on & relativel& 1onger length and

consequently, this cross-section will be relatively more plastified at
4 y M o ) " - . _ :
cracking than a square cross—section. x T ’ )

: A«theoretical analysis of a beam cross—sectjgn subjected to
/ i

torsion in a transition between elastic to plastic’ state 1s extremely

‘ o ) | ; .(;_{ .

. " . R S Lo \ "5“ - . o é‘,
. . S - . a w :

| - N " T&” . > oo T
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a) ELASTIC 'b) PLASTIC c) ELASTO-PLASTIC

FIG. 5.4 SHEARING STRESS DISTRIBUTION IN A RECTANGULAR
CROSS-SECTION SUBJECTED TO TORQUE

Regions of max.
stresses at cracking

a) “Dome"” for s.ju>- cross-section - b) “’Cylindrical shell” for slender
cross section

FIG.5.5 MEMBRANE ANALQGY FOR SQUARE AND SLENDER CROSS SECTION
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A A

difficult for all cross-sections exg&pt the circular cross—-section
wherg the boundaries between the elastic and pi. stic regions remain
always circular. On the basis of exper ental dat: shown in Figure
5.3, the following equations for torsioral .vefti - ents o and B

are proposed to account for the effects of pe:tial plastification:

aep = 0.215 + 0.09 (h/b - 1) (5.23)

Bep = 0.215 + 0.03 H(h{b -1) (5.24)

where aep is used for the determination of shear stresses on the

longer side and Bep on the shorter side of the cross-section as noted

on the sketch in Table 5.1. Plotted points corresponding to elasto-
plastic behavior in Figure 5.3 are-calculated using measpred strengths
for beams subjected to pure torsion. Since Equations 5.23 and 5.24
are based on limited test data they should be applied only Qithin the

following limits of aspect ratios:

1 < h/p < 2 (5.25)

It should be noted that most of the practical aspect ratios for a rec-
tangular cross-section do fall within above limits, being close to 1 ﬁj/
in the case of predominant torsion and close to 2 only if bending and

shear are present.

’

7
5.3.1.2 Biaxial Stress Failure Crzébria: A considerable

amoﬁnt of discussion is available in the literature as to which tensile
strength should govern the crack.ag of a beam subjected to combined
loading. Hsu’! suggested the use of a reduced modulus of rupture, while

Johnston and z1a"*® used splitting strength on the basis of simi-
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/
{
~ ~

larity between states of streas in a cylinder under splitting test and
= beam subjected to combined loading, However, most of the investiga-
tors (Woodhead and HcMullen75, Mukherjee and Kemp57, Barton and Kirk“,
Rao and Warwaruk®®) have expressed tensile‘strength as a function of
cylinder compressive strength as shown in Equation 5.14., None of
these approachef includefﬁhe effect of loading ratios since in the
case of predomiﬁant bending the use of the modulus of rupture would

be more appropriate, yhereas in the caﬁe of combined loading or tor-
sion alone, interaction between principal stresses must be iaken i .o

account as no unique tensile stress can be used for the entire range

Iy

of loading ratios.

Kupfer, Hilsdprf and Rusch““ observed, in their experimental
investigation, that the presence of compression in an orthogonal di-
rection would reduce tensile strength and vice versa. Figure 5.6
shows their experimental results in the form.of nondimensionalized
(wi;;“;é) interaction diagrams, where Om;x and Onin denote,.
respectively, ﬁénsile and compressive stresses. Since the proposed
analysis uses a continuous biaxial interaction curve, the following

interaction equation based on the experimental data by Kupfer, Hilsdorf

and Rusch“*, is suggested:

Ay

/f;:)2 - n( - o, /£) | (5.26)
"

(Omax min

Equation 5.26 represents a family of second-degree parabolas since

parameter mk‘is not yet defined. As mentioned éarliet, one of the

characteristics of the splitting test is that concrete is under a
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biaxial state of stress with compression being approximately 0.25 f'
at failure, or:

- -~ ?
when, omax fBp then, o ! 0;25 fc
Substituting they~ boundary conditions into Equation 5.26, parameter

N
m can now be determined:

2
1
o (fsp/fc)
1-0.25 £'7¢'
Cc C
s 4 .
or: mo= ( ) “ (5.27)

Substituting Equation 5.27 into Equation 5.26 yields (Figure 5.6):

c’max 2 4 fs 2 omin
07;—0 - 3‘(§T£5 a - —En—ﬂ (5.28)
c c c

If f is replaced with o in Equations 5.4, 5.6 and 5.8, and
8sp max .

torsional constants aep and Bep » determined in the preceding

section, substituted for elastic constants o and B , the follow-

ing equations for cracking torques for prestressed concrete beams

under combined loading are obtained'

Wi 3, AR o]
T, = bh sepcmax[. v G B, ) + = — I+ +1 (5.29)
ag
hbo 1+ =2
S max Umax
T - h (5.30)
cr (_]:_4.2)
a L)



TEST RESULTS BY KUPFER,
HILSDORF AND RUSCH**4

B—a—8 f = 2050 psi
O—O0—O f_ = 3560 psi
&—0—O . ~7100psi

Iteration Procedure

Eq. 5.28

11‘1T1114AV1 0

Tensile Splitting  _| 015
Strength e

— 0.10
0.25

bx
Y

0.05

£/t
|

omin 10 0.8 0.6
fe

04

FIG. 5.6 STRENGTH OF CONCRETE UNDER COMBINED
TENSION AND COMPRESSION )
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2 o
T 2 3 - {.3 o be
Tcr = bh Bepo x[ﬁ Bep + J% Bep) + 5 1 - P ) + l] (5.31)
e S (%

Essentially, Equations 5.29, 5.30 and 5.31 are deduced from

- those derived in Section 5.2.1 dealing with elastic analysis. However,

ey include the effect of partial plastification of cross-section
4/

since torsional constants are determined according to Equations 5.23
and 5.24. More important they include the effects of principal stress
interaction at cracking. Since tensile stress Opax’ is unknown in

these equations, an iterative procedure as outline below, is used to

determine o :
max

1. Assume no compression stress exists (0 in " 0) and

i calculate 0o from Equation 5,28. A
max

2. Calculate cracking capacities according to Equations

5.29, 5.30 and 5.31.

3. With the known cracking torque and loading ratios
(¢ and §) determine bending moment and flexural

shear at cracking.

4. Find stress components due to torsion, bending, shear
and prestress and calculate principal stresses accor- :

I

ding to Equation 5.2.

5. Substitute principal etresseéﬁfrom 4 into Equation g
5 28. Generally, this equation will not be satisfied
after the first iteration because two principal
stresses exist (from step 4), whereas in the beginning

(step 1) o min "8 assumed as zero,

6. Reduce o max by an incremént, go to step 2 and repeat
the procedure until Equation 5.28 is satisfied to the. ;

desired level of accuracy. . e
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The iterative procedure, outlined in the above steps, is graphically
illustrated in FPigure 5.6. It is noted that the process of determina-

tion of the state of stress which satisfies Equation 5.26, converges

rapldly. -

Results of this analysis are presented in Table 5.2 in
columns 8 through 1l4. It is interesting to compare the actual tensile
stresses (column 13) at cracking with the tensile stresses obtained
from the.splitting test, presented in Chapter 4. This procedure was
computerized and only 10 to 15 iterations were necessary to obtain the

desired level of accuracy.

L)

5.3.1.3 Contribution of Stirrups: Although some igyesti—
gat’:ors"O have noted that the contribution.of stirrups to the cracking
strenéth may be significant, no attempt has been made so far to
include this effect. If an element is considered on the side of the
beam at the level of neutral axis; according to rigorous theory, no
strains in the vertical direction should be ;ecorded‘under bending
torsion and shear. However, experimental data (see strain data in
Appendix B) does not support the above statement, implying that stress
redistribution occurs prior to cracking. figure 5.7 shows that
stirrup strains are negligible only if the torque is less than about
SQZ of Tcr' On the basis of experimental data\ggown_in Figﬁre 5.7,
it is assumed that the following relationship éxists‘between concrete

P

tensile strain in the inclined plane and strains in the vertical

stirrups:
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Ev - Et cos O ' (5.32)

where ev denotes strain in vertical leg of stirrup and Et tensile

strain of concrete. Using an average value of 0.00015 .Johnston"!)

for Et » values of strains in vertical legs €, arn found from Equa-

tion 5.32 and then plotted in Figure 5.7. Measured strains in th«
stirrups f;r three beams subjected to torsion are also shown in Figure
5.7 and a coﬁparison can be m{?e between these strains and those given
by Equation 5.32.\\In order to determine contribution of stirrups to

the cracking strength, the number of stirrups intersected by a poten-

tial crack has to be found. From the beam geometry following réla—

tionship is established: : » o
h'
. Nt T (5.32a)
b'
. " " Stan (5.320)

whe;e n, and n, denote, respectively, number of stirrups inter-
sected by a potential crack on vertical and horizontal side of a beam.
Taking moments with respect to the longitudinal axis of a beam, the

torque due to presence of stirrups is:

By ™
= 7 E € ,A b+ I E

t
Tcr,st {=1 st v,1 st {=1 st eh,iAsth (5733)

where ¢ and € are, respectivel;} strain in vertical and hori-
V,i ,i v
\
zontal i-th stirrup leg intersected by a potential crack. Assuming

that the strain distribution is parabolic along the potential crack
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! W
7

(Figure'5.8), which 1is in conform&nce with the alabtic theory, Equa-

tion 5.33 can be written as:. ' "}“;Q‘ ' \\\

- 7
- Moy N
o T

, A,
(neb'+n€h& ' (5.34)

‘(- <

2
Tcr,st 3 st st

where ev and Eh now denote the maximum stirrup strains found at the

m?? height and mid width of a stirrup, respectively. With the excep-
tion of a square cross-section subjected to pure torsion, Ev and Eh
in Equation 5.34 will not be equal. In close accordance with the

elastic theory the following relationship 1is assumed'betweep/ eh and

€ 3 7
V'

eh/ev = b'/h' (5.35)

If Equations 5.32a, 5.32b and 5.35 are substituted in Equation 5.34,

the contribution of stirrups to the cracking torque 1s obtained as:

7

A
- %-——S“ (h' +b') (5.36)

T
cr,st 8 tan 0O v

Using stirrup strain €, given by Equation 5.32 together with the

~

following simpfiﬁications: , ¥

b' = 0.8b

= 0.8h

the resulting equation is:

]

— 0.43 EstAstEtb(b + h) cos 6/tan 6 ,(5.3D)

If a crack starts on the shorter side, an identical equation can be



derive.' providing that stirrup strain on the uncracked, longer side 1is
taken as the stirrup strain on the shorter side multiplied by b'/h'.

The total cracking torque can now be taken as the sum of the torques

carried by the concrete and the stirrups:

' Tcr,tOC - Tcr,concr + Tcr,st (5.38)

where the first term on the right hand side of Equation 5.38 1is given

by Equations 5.29, 5.30 or 5.31 and the second by Equation 5.37.

Columns 8 and 9 in Table 5.2, respectively list the values
for cracking torque as R;e@icted by this theory and test to theory
ratios. Columns 10 through 14 show some additional data obtained in
this analysis; contribution of stirrups to the cracking strength,
angle of inclination of tensile crack, crack location and the values
of the principal stresses at cracking. A detailed discussiqn is given

in Section 5.4.

5.3.2 Anulysis Based on an Equivalent Elliptical
£085- Section ' '

5.3.2.1 General: From the proceeding sections it 1is ob-
served that the formulas based on elastic theory are simpler in form
than those based on sﬁew bendiﬁg theory. However, in order to usé;the
elastic theory torsional constants & and B must be known. Evalugé
tion of these coefficients even for a rectangular cross-section
represents voluminous work since the solution involves infinite’series

-

of hyperbolic functions. In the usual strength of materials approach
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thése values are tabulated fér particular aspect ratios and interpola-
tion is used for non-tabulated ratios. For ; hollow box section no
exact solution exists. A few researchers have suggested a "gshear flow"
approach which makes use of a uniform shear stress distribution’across
the wall section, which in turn implies complete plastification ;f a
cross-gection withcqniform yall thicknesses, or plastification of the

thinnest wall in the case of cross—sectionvwith non-equal wall thick-

nesses., Since reinforced and prestressed concrete members usually

have geometric proportions in excess of those to which thin-wall theory‘

applies, assumption of a shear flow state for them may not be justified.

The proposed elasto-plastic solution for cracking strength
under combined loading includes nonelastic behavior of concrete and
interaction of principal stresses at cracking, but because it is an
iterative procedure it may be more of academic than practical impor-

H

tance.

For reasons mentioned above it is proposed that the solid
rectangular beam cross-section be replaced by an equivaleﬁﬁ élliptical
section as shown in Figure 5.93; and the hollow box section by an
elliptical tube shown in Figure 5.9b. éhear stress distribution due
to gprsion can now be evaluated using the elastic theory and does not
require the use of torsional constants a angz B. Referring to

Figure 5.9a and according to theory of elasticity, shear stresses for

a solid elliptical cross-section are given as:

16T
T - e (5.39)
A nbzh '

A
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FIG. 5.8 CRACKING STRENGTH «KCONTRIBUTION OF STIRRUPS

a) Solid cross-section
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- _léT
B nbhz

T ' (5.39a)

or for‘elliptical tube:

TA ‘- __léZ_ ' . . (5.40)
1rb2hch : :

T = __1‘253_- '  (5.40a)
7bh ch

b, 14 {l 4 | ’: ‘
ch = 1—[th' or »ch --1—[;—3] ' (5.41)

whichever is greater. From Figure 5.9 it can be observed that the
a )
contribution of the corners in the case of the rectangular cross-

where:

section is not significant and an approximation of it-with an ellipse

is on the conservative side.

I:. the “ollowing sections équations are derived for a-hollow
cross-secti n ard “hen eduations are deduced for » s~11d cross-eectioﬁ.
It should be . .tec that the shear stress distribution due to-fle#ural,
shear, and normai stresses dQe to bending moment, for both the solid
"~ and hollog cross—sections; are based on the originél chéglsection and

not on the elliptical cross-sections.

' 5.3,2.2 Hollow C?oss-Section:l First, the shear and normal

stresses are found at the centers of the bottom, top and vertical sides.

Shear stresses due to torsion:

side face S ST = —l61T

PR
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bottom or top face - T = ——lgz—
- Tbh ¢
T h
Shear stresses due to flexural sheadr:
VQh
side face L
Th S
bottom or top face T = 0
~ Normal stresses due to bending:
. (‘\\
side face g = 0
. | l ‘ \} M
botton face 0 = -—
S
‘ h
I’ .
top face g = - %%k\/////ﬁ
. h
-
Normal stresses due to prestress: /
A P
~ side face » .0 = :zf
- | P . .
top face o= - zif(l - Sh’)i
P ] e
bottom face g =~ Eff(l + Ah ) '
| Ah sh AN

- Next, these stresses are superimposed and tﬁe resditing normal and
ghear stresses are substituted in Equation 5.2. . If the bending’moﬁént
.and shear force are exprgssed’in terms of torques, the following equa-
tions for cracking torques are obtained:

Bottom face

"\ : T o

Ty 16y - 1§w LY fsp. Sh
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Side face
q.
8 1+ fh
T = ? 2R (5.43)
cr 2Q *
16 + h
nhbzch I
Top face
c 2 o
3 _ Sy 3r h 3n b A ]
T ==7—2S £ + —) + 1-—)+1 5.44)
et "8 T hsp[l6!br J(lsw h) fsp( h) (5.44)
where: ,
1M |
2% - 1 - rasl B e . . | (5.45)
and:
P
5 = EEE

The smallest of three torques fo;nd by Equations 5.42, 5.43 and 5.44
governs the cracking strength of an eccentrically prestressed»beam,

subjggted to combined loading.:ﬁTheoretical predictions according to
this analysis and comparisons between test and theor;tical values are

given in Table 5.4. 1Imn Seétion 5.4 a detailed'discussion is presented.

5.3.2.3 Solid Cross-Section: Equations derived 1in the

preceding section can be easily transformed for solfﬁrcross-section if

;appropriate geometric constants (4, 5, I, etci) are takeg for a solid,
A

‘instead of a hollow cross—-gection. cotding to Equations 5.41 and

5.45 values for y and T, for solid cross—section bécome equal to 1

and three éiuations‘for cracking torque , corresponding to first crack
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at the bottom, side and top:féce of a beam, can be directl}\feduced

from Equations 5.42, 5.43 and 5.44 as shown below:

Bottom face

2 O
3 3 3n o 6e
Tcr -8 ‘lTstp[- m + ‘/(W) + _f:; (1 + -h—) +1 ] (5.46)
Side‘face
' b2hf8
Ter = T6/7 7 378 ‘Jl‘+ 0o/fsp (5.47)
Top face ]
2 o
3 3 3n 0 6e, .
'1‘cr 8 nstp[lw *\/‘mw’ + fsp Qa- 4 )+ 1] (5.48)

The smallest forque governs cracking strength of a beam. Predicted

values according to this analysis are listed in Table 5.2. A discus-

sion of these predictions is presented in the next section.

5.4 Comparative Study

Cracking torques for solid cross-sections as predicted by

four different theories, namely skew beﬁﬁiqutheory, elastic analysis,
Ve

elasto-plastic anglysis and the procedure %ased onnequivalent_ellip-

tical cross-sectioﬁs are presented in Table 5.2. Average values of

the test/theory ratios for each of three series of beams, according

to e;;ﬁrgf the above theories are shown in Table 5.3. For rectangular

hollow cross-sections the equivalent elliptical tube has been utilized
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in developing cracking strength equations. Theoretical predictions
according to this analysis together with test values are shown in
Table 5.4. A brief critical examination of these theories and a
comparative study is given in this section. No values for flexural
shear and bending moments at cracking are listed since they can be
easily generated knowing the torsion to bending ratio (Y) and the

torsion to shear ratio 5).

The skew bending theory 1is in good agreement with test re-
sults only for beams of seriegs A (6" x 12"), while the difference

between test and theory is greater for beams of series B (8" x 12")

and for some cases of beams of series C (12" x 12"). For beams of Tl

[

series C skew bending theory predicts as much as IObZ higher capacities.
For this reason the skew bending theory can be regarded as uﬂsafe and

its use, particularly for cross-sections that apprbach a square, can

no£ be recommended. It would appear that the aseumption of an instan-
taneously extended crack, discussed previously, compensates properlj

for plastic action only for beams having an aspect ratio approximately
2:1. Excluding the case of pure torsion (Equation 5.15) formulas

based on this theory are rather complex and require the simultaneous
solution of two equations, one for cracking torque ggdwgnqphet,for~»'” -

crack inclination.

Contrary to the skew bending theory, élastic analysis always

underestimates cracking strength. This can be expected since concrete

is not an elastic material and some portions of a cross-section become

T
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TABLE 5.3 SUMMARY OF Tteat/Theory VALUES FOR SOLID X-SECTIONS
Skew Elasto- Equivalent
Series Bending’ gig:gigr Plastic elliptical
Theory Behavior crogss~section
A
44 beams 0.948 1.262 1.034 1.409
6" x 12"
B
12 beams -
8" x 12" 0.899 1.135 _ 0.970 1.180
c :
5 beams 0.794 1.127 1.028 1.176
12" x 12"
TABLE 5.4 CRACKING TORQUES OF ﬁOLLOW BEAMS
Theory
Beam Test Equivalent
Results
T elliptical T /T
Group number t cross—-section t eq
(in.kips) eq
~ (in.kips)
2 58.0 47.1 1.231
3 °102.0 92.1 © 1.107
BH 4 105.0 111.9 0.938
5 114.0 '112.2 1.016
6 104.0 112.2 - 0.924
N\ Ave. 1.043
2 50.0 . 56.3 1 0.888
3 138.0 122.9 1.123
CH 4 143.0 . 175.9 - 0.813
5 192.0 194.0 0.990
6 150.0 166.5 .0.901
Ave, 0.943
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plastified (Figure 5.4c) and thereby additionally contribute to the
cracking strength of a member. Higher discrepancies between this

theory and test results are observed for beams of series A than for B

2

and C series, as noted in Table 5.3. The formulas for cracking tor-

ques are simpler, but they involve torsional constants a and 8.

The effects of nonelastic action and interaction between
\
principal stresses are taken into account in the analysis described Ya
Section 5.3.1. It can be observed from Table 5.3 that this analysis

is in very good agreement with the test values for all ranges of

aspect ratios.

o

o 1f solid or:hollow rectangular cross—sectiohe(afe teplaced

- ’-‘a\\

by elliptical crOss-se;tions defined ﬁy inscribed ellipses the need
for torsional cohstants a and B 1is elfminated. This procedure is
based on’elastic beﬁevior; however, .. ylelds more conservative re-
sults than elastic analysis for rec ~-gular cross-sections since the
effect of corners-is neglected. Test to theory ratio is highest for
a 2:1 aspect ratio and ;OWEst for a squgre cross—section. In the
case of hollow cross-see%ions (Table 5\&) agreement between teats and‘
theory 1s much better than for solid cnbss-sections. In this case
the effect of_negiecting evgﬁéitlbution ef outside cornefs is. com-

pensated by rouﬁding of inside corners as shown in Figﬁfe“Sééb._

5.5 Precracking Stiffness

The precracking torsional stiffness of a member can be ex-~



107.

pressed in several ways gimilar to that for bending where an initial,
tangent or secant modulus is used. Of these the secant modulus 1is
most commonly used and accordingly, in this study, the experimental

value of torsional stiffness is taken as:

-

cr
Ktest S ~ (5.49)
cr
where Tcr 'ané ¢cr are those values of torque-twist curves which-

correspond to the appearance of first crack.

.~ 4

The theoretical stiffness for a solid rectangular cross-

section in accordance with St. Venant theory69 is given by:

3 -
Krectangle N chhb ‘ -50)

wlare Yy 1is given in Table 5.1 and:

E
c

c T 20+ w s .

the modulus of elasticity for concrete E, , as defined in ACI 318-71!

E = 57000 YE'
[ C

is: ' N

and Poisson's ratio u is taken as 0 6.

Consistent with the analysis given in Section 5.3.2, use of
elliptical cross-sections for stiffness evalqation is suggésted. Based
on theory -of elasticity®® the stiffness for an elliptical tube 1is:

33 ,
LIy (5.51)

K- .lch——_—
el,tube‘ 16 bz + hz
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where °, has been defined previously (Equation 5.41). Equation 5.51

can be easily modified for a solid cross-section since ch becomes

i: ‘
p . 33 .
~ L b h '
K - —1 _ ¢ _ (5.52)
el,solid 16 b2 + h2 c ‘

Theoretical (Equations 5.50 and 5.51) and test (Equation 5.49)
valueé for the torsional stiffnesses of solid cross-sections are listed
~ in Table 5.5. Gengfally, the analysis bagsed on use;of a r;ctanglé {ﬂ 7

overestimates test values while that based on an ellipse yielda,ggal-
ler values as compared to test results. Experimgntal torque-tﬁigt
curves in the range up tovéracking‘ﬁnd theoretical values of stiffnes-
_ses of solid beams of three groups are shown in Figure '5.10. Theoreti-
cal values are taken as average values for each group shown in Table

5.5.~ This essentially implies that the concrete compressive strength

1s averaged since it was the only variable in each group of beams.

~.

A similar comparison can be made for hoilow beams. Table
5 6 shows that Equation 5.51 underestimates the experimental stiffnes-
ses by about 2% for the CH group.r Graphical {llustration of these

comparisons 1s given in Figure 5.11.

'
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s

TABLE 5.6 TORSIONAL STIFFNESS OF HOLLOW CROSS-SECTIONS

Test values (from T;¢ curves) Theory (Eq. 4.51)
Beam no. Tct ¢cr Ktesr Ktﬁeory K
rad -6 k—-1in -6 | k-in -6 | —test
in-k I X 10 Tad X 10 _—_—rvad x 10 Kthéory
BH-2 58 | 31 1.8711 1.530 1.223
BH-3 | 102 | 70 1.457 1.420 1.026
BH-4 105 | 60 1.750 1.499 1.167
BH-5 114 62 ©1.839 1.477 .1.245
BH-6 *104 65 1.600 1.530 1.046
Average o 1.703 1.491 1.141
CH-2 50 20 2.500 3.184 0.785
CH-3 138 32 4.313 3.136 1.375
CH-4 | 143 41 3.488 3.280 1.063
CH-5 192 78 2,462 3.153 0.781
CH-6 150 49 3.061 ©'3.470 0.882
Average : . - 3,164 ) 3.225 0.977
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CHAPTER VI

Yl
ULTIMATE STRENGTH - THEORY, EXPERIMENTS AND COMPARISON

6.1 Introduction

“From the discussion in Chapter 2, available theories for the
ultimate strength of beams oobjected to-combined loeding include the

Truss analogy, the Skew bending theory and the Equivalent thin tube

- theory. These three approaches are schematically shown in Figure 6.1.

It should be noted that the thio tube approach has been used for the

case of pure torsion only and attempts at predicting postcracking
/

1!’ 3¢, pifgren!®

torsional stiffness have been based on this mode

-

"showed that Truss theory and skew bending analysis yleld the same

results, providing the same assumptions and simplifications are made
in both cases. He used the method of virtual work in deducing this

important conclusion.

In this chap&er the‘skew bendiné theory is reviewed with the
emphasis on failure mechaoism and failure criteria. Soﬁe'shortcominés
and 1imitations of this theory are pointed out and a new approach
which considers the torsional component on the inclined uncracked zone
in addition to bending component is presented. A failure-criteria for

concrete based on a biaxial state of strain is suggested and equations

~ for the ultimate torsional strength of prestressed rectangular concrete

solid and hollow beams subjected to combined torsion, bending and shear,

are developed. Finally, comparison between experimental results and



114-

s Compression zone
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FIG. 6.1 THREE APPR_OACHES TO THE PROBLEM OF COMBINED LOADING
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theoretical predictions 1sigiven.

6.2 Remarks on the Skew Bending Theory

A skew bending mechanism is defined as one in which a spiral
crack develops on three faces of a beam, the ends of which are Joined
by an inclined compression zone on the fourth face as shoﬁn in Figure
6.1b. Failure is reached when the strain in the compression zone EB,
due to bending MB, reaches a limiting Qaiue. Depending on beaﬁ
geometry, amounts of transvereewgpd longitudinal reinforcemente, '/
and § ratios, the compression zone can be located adjacent to the
top, side or bottom of a beam. These thcee cases shown in Figure 6.2
are commonly referred to in the literatute as mode 1, mode 2 and mode
3. That mode which results in the least torque governs the strength
of a beam. Torsional capacities, corresponding to each mode can be
obtained if the total moment of the external forces about the com-

.pression hinge is equated to MB;

Y,
mode 1: 'T " ¥ cos B+ sin B o
Mg -
mode 2: | T = cos B(1 + 1/ - 2a/bd) o
\I’MB : .J
mode 3: T 2

¥ cos B - sin B

where T = theoretical ultimate torque

B = angle of inclination of compression zone with respect
to the longitudinal axis
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. 8) MODE 1

a) MOD¢t 2
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M, = bending capacity in the inclined direction
¥ = torque to bending ratio, T/M
§

= torque to shear ratio, 2T/bV
W

“

Once the torque is determined, bending and shear can be calculated as

follows:
.. T - ‘
M - - 6‘4
m (6.4)
2T | L
v = -1;-8‘ . o o (6.5)

\

The above analysis, usually referred to as Lessig's theory,
is applicable only for under-reinforced beams in which both longi~
tudinal aﬁd transve;se steel yield prior to failure. 1In addition, for
a ékew bending analysis, ﬁhe following assumptions are normally intro-~
duced:

(1) tension ‘of concrete is neglectgd

(11) no local loads are present'withﬁg,length of

compression zone

(1ii) stirrups are uniformly spaced along the length
of the beam ’

. (1v) dowel action of the longitudinal and transverse

reinforcement is neglected

«

One of the crucial assumptions in Lessig's theory is. that
concrete in the inclined compression zone reaches full flexural strength.
This assumption, however, can be true only for the pure bending case.

When a beam is subjected to a combined loading, the uncracked zone is
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subjected to a complex state of stress. The term "uncracked zone" ig
used here purposely gince the term "compression zone" can be somewhat
misleading, because concrete in this zone is subjected to tension as
’well a8 compression. This biaxial state of streas, which is actually
a simplification of a more general triaxial state of stress, results
from forces acting on the skewed surface which consist of not only
the bending compénent MB, but also the torque TB acd shear VB
shown in Figure 6.3, Large numbers of reinforced concrete beamsg tes~ -
ted and reported in the literature suggest that torque TB can be
neglected. However it has been noted by some researchers that this
assumption overestimates beam ‘capacities. Hgul®" modified'thic
analysis by-assuming a plaﬁar, not a warped failure surface, or in
other words, he assumed that the tension crack on the two sides of a

beam 18 perpendicular to the beam corners. Thig implies that no

stirrups;are intercepted by the tension crack on two sides of a beam,

did not obey this aSSumption. The experimental findings reported
here do not support Hsu 8 assumption, both for rectangular (series A
and B) and 8quare (series C) cross-sections. Crack patterns shown in
the photographs in Appendix C clearly confirm this. It 18 ‘justified

to examine other reasons for the reduction of beam capacities.

In the late sixties, when research shifted from reinforced
to prestressed concrete, assumptions applicable to reinforced concrete

when extended to prestressed co: :-ete resulted in unrealistic predic-
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FIG. 6.3 MODE 1 — FREE BODY DIAGRAM
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tions.  For example, in an attempt to analyse beams reported herein,
) according to the original skew bending theory, in some cases the
strength was o erestimated by more than 250 percent. Faced with the
above problem, researchers in North Carolina?“’ 27%° “0 4n their ana-
lyszs assumed that failure of a beam corresponded to yielding of the
stirrups or longitudinal steel, whichever came first. Therefore, for
each mode, two cases were rexamined; the smallest torque governed the
BCQEngth for each mode. While this analysis represents a step ahead
in the solution to thisbproeiem, it is difficult to justifyvone of :
its main assumptioms, i.e., steel strains ;£ failure correspond to
first yielding strains; recorded strains in longitudinal or transverse
steel have been measured mueh higher. '
Evans and Khaliizz pursued the problem in a somewhat differ-
“

ent direction. They éroposed a reduction of concrete compressive

strain at ultimate as follows:
: | -6, mmt " (6.6)
. N € u  ub . *

where €_ = compressive strain in concrete in combined state

of stress

€ -f;compressive gtrain in concrete in pure bending
M = ultimate bending in combined loading -

Mub = pure bending capacity

Woodhead and MeMul}en’s frrther reduced strain given by Equation 6 6 by

Lou

aesuming: . .
) = ¢ sin B ) _ "‘\ 1,(§.7)
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where EB =  concrete strain in the inclined compression zone .
€ = reduced strain, given by Equation 6.6

B =  angle of inclination of compression zone with
respect to longitudinal beam axis

Rao and WaruurukFS in the proposed.analysis nf I-beams used the fol-

lowing expression for concrete strain:

2
e, = €y sin"B .. (6.8)

It should be noted that Equation 6.6, 6.7 and 6.8 are of an
'empiricnl nature. More important, these cxpressions have been proposed
for mode 1 only. For modes 2 and 3, the stress block for pure flexure
was suggested. In the discussion that follows it will be shown that
the torsicn component an the inclined zone is more pronounced for mode
2 and mode 3 than for mode 1. Connequently,'the necessity for concrete
N\

strain reduction in the case of these two modes is more Justified than

for mode 1. .
. P

=~ To recapitulate the prccedingNdiscussion, conaiuer»xhe be-
havior of a beam under test. Prior to test a grid of horizontal anu
vertical lines is plotted on the tension face of the beam.- The' tension
face‘is defined‘hcre as that }ace which lies opposite to the side
where the compression zone‘is located or, one where first cracking
commences. Figure 6.4a illustrates such a grid on the side of a beam,

corresponding to mode 2 For simplicity, consider that ‘the angle of

the tension crack with respect to the longitudinal axis is 45 degreea.
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of primary interest is the direction of the crack opening in the post-
cracking ‘stage. If the bending component above is present in the
inclined zone, and steel stiffnesses in both longitudinal and trans-
verse directions are the same, the opening will take place perpendicu-
lar to the crack as shown in Figure 6.4b. Because the crack angle. 1is
45 degrees, "shifts" between lines on the two uncracked sides will be
the same in longitudinal and transversgé directions. It'is important
to note that this phenomenon corresponds to the original skew bending
concept. Because of the presence of torsion in the inclined‘;one

and possible differences in the stiffnesses of transve: - steel and
longitudinal steel, the opening of the.crack?may take‘place'in a manner
'shown'in Figure 6.4c. No discontinuity of the 1ines in the transverse
direction is observed here. On the other hand, a large amount of -
stirrups as compared to longitudinal steel would result in'a shiftfin
the longitudinal.direction shown in‘Figure 6.4d. Tovverify‘these

- hypothetical assumptions a square grid of 1 centimeter was made on
beamlBls-Ga, on the south face of the beam, since mode 2 was expected.
Three postcracking stages of lqading are shown in Figure 6.5. This
figure clearly indicates that & sideway shift took place, rather than
one corresponding to skew bending. . It should be remembered that this
beam had light stirrups and moderate longitudinal réinforcement. From
the above discussion a very important qualitative conclusion can be

drawn: the bending component on the inclined ‘zone does not necessarily

dominate the behavior of the»beam subjected to combined loadings._
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FIG.

6.5 CRACK OPENING UNDER COMBINED LODING (BEAM B1S-6a)
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6.3 Proposed Analyéis

6.3.1 General Remarks

In the preceding sections of this chapter the priﬁciples of
skew bending théofy were examined ané some, inconsistencies-were pbin—
ted out.r Examination of equilibrium equations on the.plane containing
the uﬁcracked zone (B-plane) would give not only_the bending component
MB,"but also the torsiqnal component TB, and the shear VB. Tradi-
tionally, the latter two components havijbeen neglected, imply;ng that
the concrete in the compression zone reacheé its fﬁll flexuralrstrength.
In the propésed analysié,‘it is suggested that the torsional component
ﬁe taken into account. It should be emphasized that this compo-

° )

nent 1is not only of academic but also of practical importance, since

T

it can dominate both strength and behavior of a beam under combined

loading. In the following seétion its magnitude is examined.

6.3.2 Torsion to Bending Ratio, wB

The resolution of the external force and couples into the-

B-plane result in the following expressionsﬁw

" mode 1 (Figure 6.6a)

My = Tcod B¥Hsin B S (6.9)
T, = TsinB-Mcos B o C (6.10)
Vg =V | C(6.11)

. Using the torsion to bending ratio ¢ , Equations 6.9 and 6.10 can be
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b) MODE 2

c) MODE 3

FIG. 6.6 TORSION'TO BENDING " RATIO ON § — PLANE
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rewritten:

M

g = MYy cosB+M sin B (6.12)

T

g = MV sing - M cos g | (6.13)

Dividing Equation 6.13 by Equation 6.12 gives:

— A T ’ . -
B o VYtanB -1 ;
| My © V¥ tan B €16
Let: |
TB '
== (6.15)

then:
\bB - w:_l ' (6.16)

In a similar manner this ratio can be found for mode 2 (Figure 6.6b):

R

Vg = tan 8 o | (6.17)

and for mode 3 (Figure 6.6c): _ X

, tan B +1 |
It is interesting to note that wB for mode 2 is never zero, while for'

mode 1 it can have a zero value. From Equation 6.16 it follows.

Y tan B8 - 1

Vg = V+tanpg =~ 0

or:
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and: Vecot B U | ~(6.19)

This supports the idea that the reduction of strain is more important
for mode 2 than for mﬁde 1. To illustrate the relationship between V¥,
wB and B , Equations 6.16, 6.17 and 6.18‘ate plotted in Figure 6.7.
It is shown in Figure 6s7b that wB can reach.values higher than 1,
meaning that the torsion will be higher than bending on the B-plane. -
Negative values of wB signify that one of the couples (bending moment
 or torque) has an opposite sign of that assumed in Figure 6.6. This
corresponds to mode 3 féilure or, for examfle, failure that occurs in

the regions of applied negative'bendihg moments.

4

\\ 6.3.3 Failure Criteria and Stress-Strain Characteristics
for Concrete

-

Presence of bending, torsion and shear in the B-plane implies”
the existence of a multiaxial state of stress in the uncracked concrete
zone. Similar to the cracking analysis where a biaxial state of stress
was used, it is proposed here that a biaxial state of strain exista at
failure. Figute 6.8 illustrates the assumed principal strain.inter-
Vﬁction'relationship. Limiting values for compressive and tensile
strains are taken as 0.0038 and 0.00015, respectively. The first re-
presents the maximum strain in Hognestad's stress-strain curve’?, while
the secbnd (tensile strain) is based on the study done by Johnston"!

-
If these values are joined by a second degree parabola, the resulting

- equation is:

etz = 5.921 x 10"°(0.0038 - g) | (6.20)
" where etf;-» principal tensile strain

€, .= principal compressive strain
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Failure occurs when any cénhiggtion of principal strains satisfies

Equation 6.20.

In Figure 6.8 stress-strain curves for compression and ten-
sién are also shown. They are given only té supplement the biaxial
strain diagram. Figure 6.9 defines in detail the stress-strain
characteristics of cdn;rete, adopted in this study. While a number of
stress-strain‘curves for concrete in compression have been suggested
in the literatﬁre,Aprobably Hognestad's curve®® is most realistic.

On the other hand.little has been reported in the literature regarding
‘ the stress—stréin relationshipvof concrete in tension. It has been

- recognized, howeyer, that the max;mum tensile strain, in most cases,

is between 0.0001 and>0;0002. Researchers also agree that the concrete
in tensidn is more brittle than in compression. Although a nonlinear
stress-strain relationship probably exists for concrete in tension, a
simplified relationship, shownﬁin Figure 6.9b§ is suggested. It should
be recalled from Chapter 5 that the maximum uniaxial stress does not

correspond to tensile strength from the splitting test, but has a

somewhat higher value:

£, = 2f8p//§ (6.21)

-

where ft = tensile stress in a uniaxial state of stress

stp = tensile stress obtained from splitting test

b'quuation 6.21 can be derived from Equation 5.28 if £, 1s substituted

'/ for o© and © " taken as zero.
max S

min
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“‘A

Since sheam stresses are present in the uncracked zone, a
shear stress-strain relationship needs to be defined. No research is
available in this area. It is known that pure shear strength approaches
compressive strength However, in all practical cages actual shear
stress reaches only a fraction of maximum pure shear stress since fail-
ure of .concrete in tension would precede a pure shear failure. Con-
sequently,-a linear stress-strain relationship, shown im Figure 6.9c

is suggested.

6.3.4 Assumptions of the Analysis

The followihg assumptions are made in the development of
equations for the ultimate torque of rectangular prestressed concrete

solid and hollow beams subjected to combined torsion bending and

shear: »

-7

1. Failure occurs on a warped surface, whose boundaries are
defined on three sides of the beam B& a spiral crack, and
on the fourth side by an uncracked zone which Joins the

R

ends of the spiral crack. J

2. The crack defining the failure éhrféce on three sides is
composed of three straight lines spiralling around the
beam at a constant angle with respect to the longitudinal

beam axis.
LN

3. The crack inclination 6 can be found using one of the
procedures described in Chapter 5.

4. The uncracked zone is rectangular, perpendicular to the
uncracked face of a beam, and is inclined at an angle B
with respect to the 1ongitud1nal beam axis.
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5. PFailure occurs when the combination of principal strains

in the uncracked concrete zone satisfies Equation 6.20.

6. Thescontribution of concrete subjected to tension is
neglected.

7. The contribution of transverse reinforcement in the

compression zone is neglected.

g

8. The contribution of shearing stresses in the compression

.zone is considered.

9. Dowel action of longitudinal and transverse reinforcement

in the tension zone is taken into account,

10. The stress-strain characteristics of longitudinal and
transverse reinforcements are known. Thé nonlinear
portion of the stress-strain curve for prestressing steel
is utilized Transverse reinforcement has a well defined

A

yleld plateau.

11. The stress-strain characteristics of the concrete in

compression, tension, and shear are known.

12, The str-~‘n perpendicular to the B-plane is proportional
to its stance from the neutral axis. Components of
this strain (at various steel levels) in both longitu-
dinal and transverse directions represent, respectively,
strains in the longitudinal and transverse reinforcement:

€, = €g8inB h | (6.22)

etr - EB cos B | . . ) (6.23)

Assumptions 1 through 4 define the failure surface. They are
similar to the assumptions made in skew bending theory and are strongly o

supported by experimental observations.
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Assumption 5 defines the failure criteria adopted in this
analysis. Although additional reaéarch may be required in this arah
it 1is felt ‘that the parabolic strain interaction relationahip is noot
appropriate for the,case of combined loading. This assumption ‘paral-
lels the assymed stress interaccion used in the cracking analyais.
Essentially it represents an extension of the maximum compressive

e

strain concept used in pure flexure or combined flexure and axial load.

A )
. ¥ Cne

Assumptions 6 and 7 are introduced to simplify the analysis. S

he

*Assumptions 8 and 9 relate to the resisting torque TB and

will be discussed in detail later in this chapter.
1

Equations for reinforcement stress-strain curves (assumption

10) are given in Chaptef 3.

¥

Stress—straiﬁ:characteristics of concrete (assumption 11) -

are based on the work of Hpgnestad°°, and Johnston*!

Finally, assﬁmption 12 is supported.by work done by Johnston
and zia*®, and Woodhead and Mcnuuen" It should be, hovevet, ob-
served that no simple relationship exists between strains in longitudi-"
nal and transverse reinforcementv(see discussion in Section 6.2);

l1linear relationship,is assumed in order to simplify analysis.

2f6.3.5 Bending and Torsion Transfer on B-Plane

It was mentioned previously that the tensile crack propagates

in a spiral manner as loading is increaaed The ends of the crack .

define the uncracked zone, which may be'located adjacent to the top,
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side or bottom face of the beam depending on whether mode 1, 2. or 3

dominates beam behavior. For every assumed depth of the neutral axis

the inclination of the compreshion zone B can be found directly

from geometry. From Figure 6.10 the following relationships can be

" deduced:

mode 1: cot B = b+ Zéh = a) cot O
mode 2: cot B = h+ Zéb — ?) cot 8
mode 3: .cot B = b+ zéh'~ a) ot B

where a = depth of neutral axis
b = beam width

h = beam height

0(6.24)

(6.25)

(6.26)

The analysis in Section 6.3.2 shows that'a definite rela-

tionship exists between wB, ] ;ﬁd B. This means, if f¢ and B

are known, ws can be calculated for each mode, which in turn, defines

torsion to bending ratio on the B-plane (TB/MB).

Thé problem oé‘bending‘transfer (Figure 6.11) does not require

special attention since the rules of flexural theory apply:

for any

position of the neutral axis, forces perpendicular to the B—plane ‘can

. be equilibrated and the corresponding bending moment MB can be

found. Thege steps are anélogous to those for the determination of

moment—curvature for pure flexure. However, there is a diffe;ence'

4
[}
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eiﬂcé for every position of the neutral axis the angle B changes;

implyingla different width of compression zone. It should be noted

that. strains in both lohgitudinal and transverse steel are taken as
‘rectangﬁlar components of the correspondiﬁg strain in the f-plane

(assumption 12).

Figure 6.12 shows the tofque TB on the R-plane Qith the
unknowns being the sheaf,force taken by concrete Vc and component of
dowel force Fd
the dowel force F, 'is located at the intersection of longitudinal

, which 18 parallel to pB-plane. It is assumed that

an&ﬁéransverae'stéel on the tension face of the beam. Other dowel
fofces‘due to stirrups 6n’the sides are neglected since theif magni-
tu&es aﬁé lever arﬁs.aré smaller. To find Vc and Fd , two equa~
tions can be established; one is the summation of forces in B-plane,
in the direction parallel to neutral axis, the other is the summation
of moments gbout-the axis perpendicular to B-plane. Of course;’the
right hand side of the first equation will be equal to zéro,‘since no
extéfpal loads exist iﬁ the direction in which the summation is taken;
however, in the moment equation the right hand side will be equal t6 o
T, which itself is related td external loads as given by‘tﬁetequationsﬁ

B
in Section 6.3.2:

n _ o ) | S
VC—Fd -z Fl,i cos B - Ft sin B = 0 : (6.27) -
i=1 N S
a - n ' '
.Vc E-ifzd a7t 121 Fl,i cos B dl.i + Ftdv sin.B + dev sip B = TBL,
’ (6.28)

A
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! FilG.r 6.12 MECHANISM OF TORSION TRANSFER ON g — PLANE .
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where \'4
c

b',h'

shear force carried by concrete compression zone

component'of dowel force in the direction of neutral

axis

‘force in longitudinal steel

number of longitudinal bars or prestressing cables

‘ distance from longitudinal steel to neutral axis

total tensile force in stirrups adjacent to tension
face of the beam

lever arm of F

dowel force lever arm

total force in stirrups on one side of the spiral
crack
distance between'stirrups on two sides of tje

spiral crack, equal to h' for mode 1 and mode 3,

and h' for mode 2

¢enterline width and height of a closed stirrup,

respectively

——Multiplying Equation 6.27 by dd and adding to Equation 6.28 gives:

.

n
2,1

Vc(a/2 + dd) -cos B L F (dd - dl,i) )

i=1 _
(6.29)

-th gin B (dt - dd) + dev gin B = ATB

In fle second term of Equation 6.29 a summation has to be carried out

since forces and lever arms are not the same for every longitudinal

bar or présttessing'strénd. If this summation is started froﬁ the bar

located in the tension corner, then dz 1 denotes distance between

-
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‘this bar and the neutral axis. . Consequently, the follawing simplifica-

tion can beiﬁadg without any significant loss of accuracy:

d = d = d (6.30)

and the third term of the left hand side of the Equation 6.29 will
cancel out., For i=1 the second term will be equal to zero. Equation

- 6.29 can then be written as:

~

, n
Vc(a/2 + dl,l) - éos B 152 Fl,i(dz,l - dz,i)
(6.31)
AFd sinB = T,
o/ . -
and: : S —

. .\“ /‘ ‘
VC i"\gayos B 152 ani (dljl - dl,i)

6.32)

- dev s?n B)[(a/Z + dz,l)

Equation 6.32 is;completely general and, therefore, is valid for any
6f”the threerhodes. It should be mentioned that forces, lever afms,
depth of neutral axis and angle B - in Equation 6.32 are those deter-

mined during the solution of MB.

The final assumption in this analysis is related to distri-
bution of shear force Vd "in the concrete éompression zone.' For

simplicity, a uniform disfribﬁtion is assumed as shown In Figure 6.12:
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T, = VE/(ab/sin B (6.33)

for modes 1 and 3. For mode 2, b has to be replaced with h, i.e.:

)

T, = V_/(ah/sin B) | (6.34)

where a = depth of uncracked Zone
b = width of a rectangular croes-eectien
h = depgh of a rectangular cross-aectioﬂ
B = angle of inclination of compression zone with

respect to longitudinal beam axis

The-eorresponding shearing strain YB can be found ag:

.YB = Tc/Gc (6'35)
o .
where Gc denotes shear modulus of concrete. The normal strain eB

in the concrete is available from the steps involved in the evaluation

g Principal strains can now be calculated: _

- o 2 z -
. min eB/z + ‘l(eB/Z) + (1g/2) , (6.36)

Finally, these strains can be compared with the proposed strain inter-
action equation (Equation 6.20) and checked as to whether or not the
ﬁelement is in the failure state. Details of the interaction steps are
included in the following sections. |

&
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6.3.6 Summary of the Proposed Analysis

The proposed'analyéis is summarized in the following steps:

Obtain inclination of first crack 6 , using one of the

methods described under cracking analysis.
Assume depth of neutral axis, a.

Calculate inclination of compression zone B (formulas
6.24, 6.25 and 6.26). |

By varying "curvature" equilibrafe forces perpendicular to

B—plane and find bending moment, MB.

Using formulas 6.16, 6.17 and 6.18 find torsion to bending
ratio on the inclined plane, wB.

Find torsion on B-plahe using Equation 6.15, TB - wBMB.

Pind shear force éarried by concrete, Vc (Equation 6.32), then

.shearing stress (Equation 6.33 and Equation 6.34) and

shearing strain’ (Equation 6.35).

Calculate principal strains (Equation 6. 36) and compare
state of strain with the parabolic strain diagram (Figure :
6.8, Equation 6.20). Any combination of strains which fall

~ inside the interaction diagram (e.g., point A in Figure

6.8) indicates that the ultimate state has not been reached;
depth of compression one should be decreased apd all

- steps from 3 onwards repeated. Any state of stress falling

outside of the interaction diagram (point D, Figure 6.8)
indicates that the solution is approached from the upper
bound; depth of compression zone should be increased an& 4
all steps fepeated. iThese iteration steps are to be continued
until the desired accuracy 1is reached.

Calculate torsional capacity using formulas 6.1, 6.2 and 6.3,
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then bending and shear capacity using Equations 6.4 and 6.5,

respectively,

The major steps of the éroposed procedure are illustrated in
Figure 6.13, where the solution has been approached from the lower
bound. PFigure 6.14 shoﬁs typical iteration paths for different modes.
If the iteration is started using a deep compression zoﬁe, small |
érincipal strains in the concrete will result. As theidepth of com~-
vpression zone is decreased principal strains will become larger ﬁﬁtill
Equation 6.20 is satisfied.- It is interesting to note .that mode l
would always result in iaéger compressive strains than‘mbde 2 or’3;
On the ether hand,mbdes 2 and 3 yield higher teﬁsile straiﬁs than mode
1, as shown in Figuré 6.14.1 This is not surprising'since mode 1 18 ‘

usually associated with higher bending as compared to torqué and shear.

A slightly different approach ié given in Figure 6.151where
the maximum compreséi;e strain (0.0038) is assumedtfirst and depfh of
neutral axis is varied unﬁil the forces perpendicular to B-plane are
in equilibrium. It'should»be temembered again that,'fqr.every posi~
tion of neutral axis angle B changes. In this gpproach, only steps
2,n3'and 4 described in the pfeceding paragraph need to be altered.
With the assumed maximum ﬁ;incipal comprgssive strain,icompletion‘of
all steps in the first iteration will result in a staté of strain
which does not satisfy Equation 6.26 (Figure 6.12, iteration 1) singe
shearing strains are aiso present in the compréssion zone. Consequ;n;-

' ly, the depth of compfession zone has to be decremented and the process
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Tensile strain, ¢,

0.00015

0.0038 Compressive strain, €,

FIG. 6.14 TYPICAL ITERATION PATHS FOR__:DIFFERENT MODES



Depth of compression Zone, a
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Assumed compressive strain, €e
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Tensile strain, ¢,

0.00015

0.0038 - Compressive strain

FIG.6.15 ALTERNATE PROCEDURE -
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repeated. :

i

Both approaches yiéld the same result. Generally, the second -

¢
is somewhat more .efficient since convergence is faster. Modes 1 and

3 in the computer program, presented in Appendix D utilize the second

approach, while mode 2 is ?ased on the first approach.

6.3.7 Concluding Remarks on the Proposed Analysis

The proposed biaxial strain faillure criteria for the behms;

under combined loading is aulogical extension of uniaxial strain
) :
criteria used in pure flexure or compression. To account for the bi-

gxial state of strain twp equafions are utilized: first, summation of‘
‘ torsional moments about the a£is'perpendicular'to the B-plane and
second, sﬁmmation of forces in the B—pla%e in the girection of the
neutral axis. It should be noted that consideration of these two equa~
tions is supplemenﬁed by another two equilibrium conditions; bending
moments about neutral axis and forces perpenddcular to the_B—plane..‘
Theréfore,‘four equilibrium conditions are satisfied;',For hollow beams
reported here, no separate procedure is necessary simce the compression
zone was always located in a wall. However, for thin-walled'ﬁeﬁm; where
the neutral axis may be located.outside compression flaﬁge (wall) it

18 suggested that the contribution of sheariﬁg stresses, in the out-

standing flanges of a channel-shaped uncracked zone, be neglected.

) AThéfaéggmed uniform shearing stress distribution in the un-
e . .

cracked zone is not correct for the loading stages immediately after
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cracking, since circulatory (torsional) shear may be predominant.

Howéver, as failure is approached:atétate of shear flow will be reached.

. The probosed theory would considerably overestimate capaci-
ties of‘beam; B1S-4b. and B1S-6b. Theoretical values for .these beams
are given in brackets in Table 6.2. Beams Bl$~2b, B1S~4b, and Bls-bb
contain excessi§e amounts of transverse steel (Chapter 3). Studies by

Hsu®" and McGee and Zia®* suggest that strength cannot be increased

with an‘e;cessive increase of transverse or longitudinal steel. They

suggested the following limitation: -

0.7 < m < 1.5

where: | o
‘f ‘.ﬁ . Ag.s .
T R G +B)
T a ' Al = total area ofiiongitudinal steel
At; = area of one leg of a closed stirrup
+ g 8 = . stirrup spacing

b' = " centerline width of a closed stirrup

" h' = centerline height of a closed stirrup
The actual value of m for above three beams is 0‘&'. For this reason

-an equivalent stirrup sﬁac@ng has been obtained based on m= 0.7 and

theory then applied.

6.4 Comparison of Experimental and Tﬁe&retical Results S
. » - ' ST

In order to verify accuracy of the ‘theory presented in this
R . '

i . = g
- 'i
T R
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chapter3 this anaiysieﬂnas applied to eighty-four beams reported in
the-experimental phase of this investigation. Tables 6.1, 6.2 and

6.3 summarize experimental and theoretical results for series A, B

and C, reapectively. 'Since torsion to bending rﬁtio W), and torsion
to shear ratio (6) are known, theoretical values for bending and shear
are not reported here ?or the case of combined loading, as they can
be easily c&lculated from torques and loading ratios. Theoretical
values for pure bending are, however, reportediin column 7. Test/
theory vaiuee for bending and torsion are tabulated in colusn. !géd'
iO, respectively.. Inicolumns 12 through 14 principal strains and ;?

stresses of concrete in the . upres.'on zone at failure are reported.

It is interesting tolobserve highery tensile strains and stresses for L

modes 2 andw3 than for mode 1. ‘ '1:

Test/theory values are in a range of 1 i ,0.20 formall beams,

indicating gpod correlation between experimental and theoretical

" results. Table 6. 4 gives a summary of- average test/theory values for

all three series. It is important to note & very;good correlation,‘

not only between experimental and theoretical results but also from

‘ two other aspects. Table 6.4 showsvthat an average test/theory value
L for beams subjected to bending is. 0 996 while fn the case of combined -
/‘: loading 1s 1.008. This table also showa,that a uniform accuracy is
b obtained for all three modes in the casé o& combined loading. It is

”strongly felt that the excellent.correlation in-all aspects reaulted

from the uae of a uniform failure criteria over the entire range of

loading ﬂatios.

i
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'TABLES 6.4  AVERAGE TEST/THEORY VALUES .
\
..Mtest/Mtheory Ttest/Ttheory
Bending Combined Loading
1 0.980
Series A 1.120 81 2| 1.0s7 | 1.018
. g -
3
1 0.977
Series B 0.945 | 2| 0.995 | 1.004
Q
=
3| 1.061 _
1 0.932
g . R ) .
Series C 0.922 a 2 1.010 - 1.001
g .
3. 1‘.(?(31,
0.996 o "~ . 1.008 .
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CHAPTER VI

SUMMARY AND CONCLUSIONS

7.1 Summary

The behaviqr, cracking and ultimate capacities of solid and
hollow prestressed concrete beams subjected to combined torsion; bend-
ing and shear have been studied iﬁ this investigaﬁion. In the ;xperi—
mental phase of tﬁis study, tests on elghty-four prestressed béamal
‘ were:ﬁerformed in order to examine the effects of level'of prégtress,
torsion-bgpding aqd torsion-ghear loading ratios,'aﬁount of longicud;—
nal and trans?érse reinforcement, 1oné1tudinal opening, and the size of
cross-section. The analytical phase of this inQestigatioh'includes an
examination of available theories for cracking and ultimate strengths.
Two methods for ;racking analysis are proposed; the first method 1is
based on the biaxial stress criteria for concrete, and‘the second which
is more straight forward, utilizes equivalent ellipticalrcross—séctions
for the déterﬁiqgtioﬂlﬁf‘torsional shear stresses. Some shoftcomipgs

“of“the commonly used theories for ultimate analysis are pointed out

and a new iterative procc.ure, based on the biaxial strain criteria is

presented.

7.2 Conclusions
' ]

The following'éonclusions and recoﬁmendations are based on

the results of this investigation:

D
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by the amount of web reinfor..went.
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Prestressed concrete beams ﬁithout web reisﬁorcement fail im-
mediately after occurrence of the initial crack, while beams
with web reinforcement have considerable strength and ducti-

f%%y beyond cracking.

Depending upon the cross-sectional aspect ratio, magnitude
and eccentricity of prestress, and the loading ratios, the
initial crack can develop on either bottom, side or top face
of the beam. Cracking at'the bottom generally resulted from
predominant bending, at fhe.gide, from moderate values of
torsion to bending ratios, an& at the top, from predominant

torsion and high eccentricity of prestressing force.

The precracking torsional and flexural stiffnesses were not

agd & mor

significantly influenced by'L0¢ding ratios, ¥

No stirrup strain was observed up to approximatély 50 of the

cracking strength, hbwever, beyond this level the increase in

stirrup strain occurred at an increasing rate. The contribu-

" tion of stirrpps to the cracking strengﬁh can be assessed 1f

a parabolic strain distribution along the potential crack is

assumed and the temsile strain of concrete is related to the
sfrain in stirrups. Since an elastic stress-strain rela-
tionship exists in the reinforcement at the cracking stage,
the stirrup contribution to the cracking strength is directly

proportional to the amodunt of web reinforcement.

A very good correlation between experimental and theoretical
results for cracking strength can be obtained if the failure
criteria for concrete is based on a biaxial stress interaction.

This criteria was used in conjunction with the modified elas-

' tic theory to include partial "yielding" of the cross-section

at cracking. -The extent of the yielded regions is larger for

LI



presence of high flexural shear.

161.

elongated cross-sections than for square 'or nearly square

. cross—-seitions. More data 1s needed in order to determine

aep' and Bep for a greater range of cross-section aspect
ratiosg.

Torsional shear stress distribution in a rectangular or hollow
box cross-section can be determined using elliptical cross-
sections; thus the use of torsionvconstants ¢, B, and Y

is avoided.' This approach is particularly useful for“hollow
box sections where the only available shear flow theory can
not be applied since geometry of reinforced or .estressed

beams does not conform to the assumr ions of thin-wall theory.

The cracking strength and pre-crack. , stiffness of a hollow
beam is reduced és compared to a similarly reinforced solid
beam implying a contribution of the core to the cracking
strength and pre-cracking stiffness. However, this reduction-
is not very significant indicating an excellent efficiency
of hollow beams in torsion and flexure. On the other hand,

the use of hollow cross—sections cannot be ‘recommended 1n the

Experimental torqne—moment and torque—shear interaction rela-
tionships for hollow and solid cross-sections have been
presented. A conservative relationship can be represented by .

a circular arc providing that the ultimate shear is defined

»

as shear force acting when ultimate flexural capacity is reached.

It should be stressed, however, that this. 18 only true for.

slender beams where shear does not dominate behavior_and

strength of a beam. ‘

Theveccentricity of prestressing force, in the case of predo~
minant bending, is beneficial for: the ultimate capacity and
ductility of a beam, in comparison to a concentrically pre—

stressed beam. |
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The effect of flexural shear in a member is to reéduce ultimate
strength and ductility of a member subjected to combined

loading.

Similar to reinforced concrete, prestresse’ . .ncrete solid
and hollow beams exhibited the skew bend:ng mechanism at
failure. The failure surface was formed by a temsile crack

extending across three faces aé.appru\xﬁately the same angle,

-and the uncracked zone was located adjacent to the fourth

face., Depending on loading ratios, beam geometry and relative
amoupts of transverse and longitudinal reinforcement, the un-
cracked zone can be located adjacent to top, side or bottom

face of the beam.

Proposed biaxial strain failure criteria in the ultimate
analysis is a logical extension of the uniaxial strain criteria

used for flexure and compression. An assumed uniform shear

‘stress distribution in the uncracked zone, though not correct

at the‘bre—cracking or at the stages immediately after cracking
can be justified at failﬁre since the depth of the uncracked
zone at féilure is reduced and hence circulatory strgsses are
also reduced. This parallels usual assumptions of shear stress
distribution in a sﬁeel wide flange cross-section subjected

to torsion; concrete in the unéracked zone’acts‘as the top
flange while the compénentg'of tensile forces in reinforcement

and dowels act _as the bottom flange.

No significéﬂt difference between ultimate stiengths of solid
and similarly reinfdrcedﬂhollbw cross-sections was observed
implying that the neutral axis at ultimate was located in a
wall of a hollow cross-section. However ,"~the proposed method
canAhandlé also those cases where the neutral axis falls out-
si&g‘the wali:thickness; for the determinetion of shear
stresses it is suggested,that the outstanding flanges of

—~
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channel-shaped uncracked zone be neglected.
) . ﬁ, . ,
The\developed equations applj'fa'underreinforced and 1 :r-.
ately overreinforced béama, however, an excessive amount of
reinforcement 1imits, their use. More research &s neede& to
establish the limits of long:tudinal and wgb'reinforcément

for beams subjected to combined lo#ding.
| I

oy

R st
Ve e

If flexural shear sominates beam $ehav;or; vertical shear .

stresses in the uncracked zone must be taken into account in

. the aﬁalysis, Dependinggon'the ratio of these vertical shear

stresses to the shear-flow stresses (parallel to neutral axis,

- those considered in the analysis) and normal stresses, use of ' .

a three dimensional failure criteria may be appropriate.
Thig would, however, require detailed study of the complex

mechanism of shear transfer in a cracked comcrete. -
»

f
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Q APPENDIX A // -

4. TEST RESULTS FOR SERIES B AND C

. N
\\
1

Complete test results for %pch beam of series B and C are .
presented in this_ appendix. Tables A—l to A—32 contain torques bend-
ing moments, shears, twists and deflections for each increment obtained

in the experimental phase of this investigation. In essence,‘this N

~J

chapter repfbsents detailed information for series B and C as compared

to that in Chapter 4 where only final results are given. Series A is
not included.here for two reasons: - first as mentioned previously,

beams of this series were not instrumented well, and second, some data &

for this seriegvﬁﬂfj%ailable elsewhered®’ 7%, R

. /.‘).
&

The 10 aElbﬁ%_of twisting meters and deflection guages.are.J

. presented dn Chapter 3.

In some cases, collapse of a beam occurred as final readings‘
‘were being taken;' therefore some information 1s missing for the last

increment for several beams. Increments corredponding to first crack—

ing and ultimate are deeignateﬁ.in these tables for each beam using a

3"-4 w«\—m—_ - ,f

single and double asterisk respectively. With the exception of beam

’
'

CHog% 10 deﬁlections were taken for beams tested in pure torsion, 3

this was done for beam CH-6 primafily to observe upbard deflection,.c

-gsince a mode 3 was expected. Similarly, for beaﬁg tested in pure,

[y

bending no 'stirrup strains were taken.
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TRST RESULTS ~ ORSERVID DATA POR BFAM B8-1

o

TABLE. A-l ¥

Deflections (fnches x 10°)

Load Torque Nend .M. Shear Twist

Stage | (tn.kips) | Ctn.kipa) | (kips) | (rad/tn x 10%)] rane Center wost
° 1 0.02 0 0 °
1 11 1.57 10 13 1)
2 3T 3.2 23 <38 50
3 n: a0 1y o °
4 Y .57 7 » 123
[ [3%] 1.87 70 120 1%
6 583 8.7 80 140 173
? 67 | 9. ' 130 183
s sn | e.si\ : 13 160 208
’ ns 10.57 . 110 180 223

10 739 |1 120 195

u 0y |1u.mn 135 225 -

12 847 12.57 145 s

13 s | 13.2 165 280

1) 23 13.91 180 s

13 979 14,57 200 150 v

16 1023 | as.24 210 80 520

1788 1067 | 15.91 240 455 610

& Tirst Crack

%4 Ultimate

S
;
TARLE  A-2
TEST RESULTS -~ OBSERVED DATA FOR BEAM BS-1S
5
. . Deflections ({nches x 10%)

Load Torque Bend .M. Shear Twist.

Stage | (in.kips) | (in.kips) | (kips) | (rad/in x 10%) :;«uu Center Went
0 19 0.02 | 0 0 )
1 ETY 1.59 15 25 23
2 ¢ b3 )1 L0 38 (3] 60
) 341 4.90 50 80 %0
4 407 5.90 53 100 /110
[ 473 6.90 70 120 130
3 517 7.57 75 1% 150
7 561 .25 s 140 160
s 605 | 8.5 %0 155 180
’ ~ 611 {7 ’” 16 1%0

10= | 69 | s.57 s | 120 200

un ’ 67 9.90 100 175 208

12¢ . 693 10.23 ~ | *100 180 1s

1 : y {09 110 200 220

14 759 n.n 125 220 P

15 s0. | 1.0 ‘238 | 238 270

16 i - 847 12.57 v 143 260 205
v s | .2 |° 158 2% 30
18 s | 13.9 175 325 9%
o 919 |47 |- N 195 35 63
20 ' 1023 ¢ 15.23 285 550 540
2180 1052 15.67 .| - - -

8 7Firat Crack
#t Uitimate

72,

B




TAME  A-)

TYST RESULTS - u\nsm:g*n POR_FFAM B%-2

2 Ultimate:

#

loal | Toreue Bend X, | Shear "‘*““ﬂ“ Deflections (inches x 10%)
Stage | (tn.kipe) | (tn.kips) | (kipe) | ¢ mgi 10%) Last Center Viost
0 ° 19 0.01 0 0 o 0
1 124 1.5 [} 13 15 2
2 1 233 L . 23 40 50
3 348 4.8 ’ 40 60 8
' » 460 6.3 1" 50 ss 1s
s 3 528 7.36 15 1) 108 135
¢ A 396 8.5 20 70 128 160
! 48 %¢s1 2.23 2 %0 140 123
s s 636 9.92 22 8s 145 1%
[ 4 M | 10.5 L8 % 165 . 203-
10 59 798 | 11.%6 2 70 | - 165 220
n s 868 12.56 - 3% s 190 260
12 70 933 | 13.56 38 110 258 338
13 7 98 | 1423 as 143 308 3¢5
0 76 102 | 14.90 s6 165 o |- &Zow
15 . 80 1068 | 15.36 59 198 390 523
1% 82 oz | 16.06 7 205 430 00
17 8 1125 16.36 73 " 220 470 640
18 86 1o | 1673 7 235 s20 | 710
19 87 o | 17.06 - - - -
* & First Crack g
1 %% Ultimate ’
| .cxéa g S
{&Esm.rs - o;il« FOR 3zAM BS-29
gl -
Lot Torque n; o o {&ur Ml! D.flnttonl (inches x IQ/')
Stage [ (fn.kips) | (in.k 40, ¢ {Xkips) 0| (rad/in x 10%) East Ceater Vest
0 0 19 | o.02 ) o 0 “a
1 .12 134 1.77 1 10 20 25
2 24 M | 323 9 25 40 50
3 3% 319 457 24 3 s 78
4 4 407 5.90 2 43 83 100
s 49 451 6.57 23 3 9 120
$ s3. 495 7.23 2 ss 110 130
7 58 539 | 7.90 zU 40 120 140
s 63 "} 583 8.s7 | O 130 160
’ 66 605 | 890 | ° > . 140 gﬁ
10 68 6271 | 9.23 150 |, 0
1 ) 649 9.37 135 » 185
12 A3, &n 9.90 165 200
13 b s | 10.57 Y 210
L e 159 | 1.2y " 1s0 20
15 87 803 11.% 53 f 1o 422 Bs
16 " 92 87 | 12.57 s7 _ - |a2s . 240. 295
{17 |9 oo | 11.23 6s 133 s 330
18 173300 13 | 13.57 " 68 - 148 s | - 380
1% | a0 935 | 13.%0 » . 155 | . A20
‘20 104 1 1Y) 14,23 84 118 ——”‘g{; . 458
S 979 | 1.5 v 90 180, 1% 500
s I\ 109 1000 7] 14.90° - - s 570
® Plrar Chack - . s . .

~

'y

173,
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MR A-$

TEST REULTS - ondbxven DATA FoR_nEAN RS-
¥

loasd | Torque ‘Bend M. | Shear Twist Deflectivna (inches x 10")
stage | (in.kipa) | (in.kips) | (xipe) (rad/tn x 10%) Last Center Geat
0 .0 13 0.12 ‘o o ° °
Y 1] 102 | 1.6 10 -2 [} 23
2 » 192 LM 2 % 1] ss
) ”» 264 W3] ) 40 & 1]
s ” 300 5.3 42 as |- s 98
[t 102 3% 6.01 &% 43 s 110
3 1 . m 667 s 50 100. 120
b 128 - 408 7.34 58 [1) 108 1%
s 136 “s | sl ., n 60 ns 140
" 147 480 8.67 " 0 125 143
10 159 < s16 9.34 s & 133 170
11 170 552 10.01° ” 75 160 198 |
12 176 s70 | 10.3 109 ” 180 7y
13 181 588 10.67 119 /100, 208 b11]
14 187 606 | 21.01 140 108 us 280
15 | 193 82 | 1.3 Y181 108 235 310
16 198 62 | 11.67 168 S.128 263 30
1 201 o1 ] 118 183 140 295 405 .
18 204 660 12.01 202 4 148, 320 438
19 207 669 | 1217 228 .00 sy us | ags
2044 210 678 12.34 - # - 465 -
& Pirst Crack o ¥ .
*4 Ditimate N “ ‘
. = RS AR
L BERAR e s ol
., St RESULTS - OBSERVED DaTA, rm oy -

Losd T;rqv. Bend M. Shear elst .| Deflections (inches x 10%)
Stage | (1n.kips) | (in.kips) | (kips) | (rad/ta x 10%) | Center | West
o ] 10 0.38 ] 0 ° o’
1 % | 23 0.93 2 =55 | i-ss -50
2 4 2 1.27 15 e % -0
3 6. 0 | 1.60 7 60 [ i-85 | s
4 75 © 1.93 7. -t -40 | 40
5 90 ‘86 2.27 ‘37 4 ~60 -5 -4q
¢ 105 e | 260 a“ -0 ~0 -30.
7 120 3 O 2.93 s3 -60 -35 -25
B 138%~. 8o 3.27 62 -5 -30 -20,
’ 150 88 3.60 * 70 , ~60 -25 -1
100 165 s 1 39 80 ™ -ss 20 o -10
n 180 " 104, 4.27 2 -55 -15 \i s
12 195 1z, 4.0 105 -45 -0 A8
13 10 197 | 4.9 122 - -30 -5 1
w | o2 122 |, s.03 133 -50 o< 20
LR R U L1 | _sa» W | -se s
16 225 “128 5.27 - 153 -43 s ‘28
17 | e 130 5.37 194 s 0 15
1. m T s 480 -1% 20 38
1900 02 132 5.4) 510 +13 40 1)

* piret Crack
syl inate

LY

174.



TEST RELULES ~ ORXFERVID DATA FOR BYAM WS-3

N

AR

A=

T

s~

e

Losd | Toreue Bend M. . | Shear Tviat Deflections (inches = 10°) |
Stage | C(in.kipm) | (ta.kips) | (kips) | (rad/tn x 10%) Last Centee Veat
0 ° ¢ | om 0 o | o °
1 A3 s %} o0.70 16 o 0 [
2 o 10 0.97 % 0 [ °
3 % 12 1.03 » T -0 s s
4 104 " 1.13 4 -10 -3 10
s L) 18 1.2) 52 ~20 -3 [
¢ 130 16 1.3 60 ~20 ~10 s
] 140 V] 1.40 (3] -3 -10 3
s 149 18 1.47 " -20 -10 5
’ 15¢ 18 1.5) 1) -23 “-10 s
10 16 19 1.60 Y ~20 ~10 s
1n 176 T 1.67 % -25 -10 s
126 184 n 1.73 101 -23 -10 0
13 194 7 1.80 10 -25 -15 [
) 203 7 | & 1us -3 -18 s
15 . 12 23] 1.9 ‘128 ~35 -13 s
16 m © o, | 2.00 Ty -35 -20 0
17 225 2 2.0 165 -33 -18 °
18 2% 28 2.07 186 40 -20 - s
1 2] 25 2.10 m 40 -20 0
2004 373 ‘25 2.12 4 -40 -55 ~as
# Pirst Crack
¢4 Ultimate . "
‘ .o e s
U OTAMLE A8 4 ’
# TEST RESULTS - OBSERVED DATA FOR BEAY 3S-6
Load Torque - Bend.X. [ Shesar Twist Di‘&'cu"“ (loghes x 10)
Stage | (in.kips) | (in.kips) | (kips) | (rad/in x 10%) Last - Cmt-r‘%;‘hu
0 ' ) 9.1 0,27 0 *
1 45 9 .| o.27 22 g
2 Ky s |~b2 B g
3 ) ’ 0.27 ' "y
4 104 ’ 0.27 72 } : |
s m ’ 0.27 s
6 130 ’ 0,27 105
7 140 ’ 0.27 T
s ‘| 16 ’ 0.2 138
9+ 158 ’ 0.27 151
10 167 ’ 0.27 153 .
n | e . y | o2 164 ,
12 1 - s | o027 o *
‘13 e | s 0.27 ° 179 .
T 176 ) 0.27 184 ‘
15 184 s | oxm 191
‘16 194 ’ 0.27 n? - 1
17 197 ’ [ 0.27 - 264 S
18 02 |* s | om 13, '
190 P} 2 | om 32 p
20 183 K 0,27 509
& Firat Crack
% Ultinate

kT

o,



TPST RESVLTS = ONSFRVID PATA FPOR RTAM BH-}

nue A4

losd | Torque Boml.N. | Shear Tvise | Deflections (inches 3 10%)
Stage | Cim.kipe) | (1a.kipe) | (kips) | (rad/in x 20°%) [ 0 170 L o st
° YRR YY) 0 0 °
1 19 1.62 10 23 "20
r ! 29 .28 . 3 (1] 38
3 39 9 2 50 % )
’ 409 s.93 ' .40 100 10
[ My | s.62 ‘40 120 120
. a9 | o228 70 130 140
7 3 2.9 75 143 160
s sa s.62 . s 155 180
) 62 | s.28 % 160 205
0. 69 9.95 10 [ 200 20
n n3 | 10.62 115 230 260
12 . 11.28 L 1% 260 320
13 sl nes | 130 295 %3
1 845 12.62 T 165 |- 38 a0
15 ) 867 { 12.93 . 120 380 470
16 ess | 1.28 | 19 995 300
Y 1 | .62 210 440 570
180 S0y, | 13,95 : - - 618
& Yirst Crack Ty
#% Ultimate . Lo .
N [d
LT _A-10 | “
- TEST RESULTS % OMSERVED DATA FOR BEAM BE-2 .
— r
Torque Bend M. Shc;t Twist . Deflections (tnches x 10°)
(in.kips), | (in.kips).| (kips) | (rad/in x 10%) Last Center dat
0 Y 0.08 ) ° 0 0
Rt 1s, 1.6 3 10 23 23
N 226 "7 3.29 1 25. | s0 55
Y #313°8) 483 17 " 40w 70 85
@ | T | s 13 4 %0 110
ty ) 6.6 |- . 23 o 50 110, 130
3 486 7.29 n, 6 | 120 140
* ss- 529 7.9 o i 70 13 160
& | s | e S % 5 143 173
o 616 ’.29, o 0 170 - 200
n - 659 9.96 1Y) %0 1%0 239
T 703 | 10.63 51 100 210 R
e 76 | 11.29 0n 113 e 300
87 789 | 11.9 ° 93 > | 120 | 270 us
2 43 | 12.63 0 s | o 385
s 858 | 12.9% “in 150 323 as
” 816 13.29 157 165 . 360 - 4S5
9. 887 | 13.46 167 175 | 380 s
100 898 | 13.6 15 180 - | 298 505
. 101 ons 13.79 182 190 410 528
102 919 | 13.% 191 195 | a2 48
Jodes 7 90 | .1 198 200 445 s70
2200 | o304 %1 | 12y - - - 5%

& riret Crack
4 yleimate .

176.

i

e



: CqAME A1)
TPST RESULTS - ORSERTED DATA YOR BFAM Ru-3
Losd Torque lcn;i.;’(. Shear Tvist Deflections (taches x 10%)
{stage | (ta.xtps) | (1n.kipe) | (kips) | (rad/in x 10%) Last Conter et

0 o 16 0.1 0 0 0 0

1 b1 109 1.66 n 1 20 23

2 5 200 | 3.32 26 » » ss

3 " 389 .66 40 v 1] s

4 ”n 329 3.32 A 10 %0 %0

s | 102 369 5.99 36 s ] 110

. 1 ) 6.66 0 ss | 1o 128
1 128 s | nm 104° & 135 150

] 1% sy | 1.66 - 128 10 143 165

’ 136 % 489 1.9 12 20 155 1%
10 142 509 ) 167 85 170 203
n W7 s29 | - 8.66 198 % 195 s
12 153 a9 | 8.99 238 108 225. ‘270
13 159 569 9.32 301 . 115 20 210
el 164 [13) 9.66 - - - -
.y p;&ki o '
ot OR'idate

S S
. TABLE A-12
. JEST usﬁurs - ggsmvm DATA_FOR BEAM RH-4
- i, cAL

Losd Torqu; » Bend M.’ Shear AMu | Peflections (3aches x 10°)
Stage | (in.kips) | (fn.kips) | (kips) [ (rsg/ia x 10%) Last Canter Vest

° o | 10 0.31 o 0 ) °

1 15 15, | o.s2 P s 13 s

2 % 25 0.86 14 g 10 15 . s’

3 45 3 |1 n  lawo 10 013
I8 6 @2 | 182 30 1, 15 | 2

5 73 s2 | 1.8 » 20 20 2

‘ 90 60 2.19 o 20 20 33

7, 97 6§ 2.3 -6 07 2 3s

" 305 o | 252 60 15 28 40

’ 12 w269 6 20 % 40
3 120 7 2.86 o 15 15 50
n 128 "8y | 3.02 5 20 | 3 |. %
12 |, s 87 a1 | 108 15 T " oss
13, 142 S92 7] 336 ] - a2 S 200 . 40" 80
| 10 s | a2 | 1z sl e | e
18 157" 101 .69 ne: | s s 6
16, 165 . 106 1 3.86 157 © 20 s |
17 173 110 4.02 180 :wep b 43 7%
18 177 11) 4.12 262 / § " 50 4]
19 | #10 e | s w9 | " a3 2
20 183 16 4.26 334 | s »
210 183 1 .29 40 5 50’ s
2 179 118 an . ‘ - - -

® pirat Crack
% Ultinste

17

7.
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Tamg A-t]

laad Terque ead. . tihear Twiet betloctioms (Inches o l.',
teaps | (ta.hipny | Cinckipa) ] (hipad | temditn s 10Y) ane Center et

. ° 1” ..1 . [ [ .

1 » 2 s 1", -9 ) ]

H @ n (X n ) 1o | s

b [ ] ) ] .50 » -3 b )] 10

[} ” » [ X)) » -3 3 1

] b1} L] 1.00 b [ ] b ] 13

. [ a 1.08 (%] -3 ] 10

? [ o 1.13 “ -3 s s

[ ”» Y] 1.20 4 -10 3 10

] 102 30 1.2 N -10 3 10
10 108 St 1.3 b -10 3 10
110 114 b ] 1.40 &2 -3 3 13
12 120 b} 1.48 [ 1) -3 ] 13
13 12¢ 3 1.33 [ 2] -1 s 10
14 1 [} 1.60 0 -3 H 10
13 139 [} 1.68 ” -3 3 18
14 164 %] 1.7 107 -10 ) 13
17 130 70 1.80 e -13 s 13
1 136 n 1.8 128 -10 3 19
1 162 b4} 1.9 124 -13 3 13
2 168 n 2.00 142 -20 3 13
n 174 ” 2.06 201 -13 ) 10
7 (%) n 2.10 1 -13 -3 13
n 17 [} 2.1 w2 -13 -3 10
n 182 3] 2.16 286 -23 -10 10
3 186 3} .20 m -3 -10 10
2¢ae 189 " .23 403 -13 ~ ~13 } ]
¢ fFiret Crack
*  QGleimate

ABLE A~
JEST RESULTS - CBSFIVED DATA FOR BZAY MR-

Leed Torque Bend . X. | Shaar Twist Dellections (imches x 10°)
Seage | (In.kips) | (in.kips) | (xips) | (rad/im x 30°) Fast Center Vet

° ° [] 0.1% [ ]

1 43 L 0.19 19

2 Ty s 0.19 n

3 20 [ 3 0.19 a7

i 104 L] c.19 4 33

s L ¢ 6.19 (3]

¢ 13 ] 2.1 ”

7 140 s 6.19 102

149 [} 0.19 p3 )

’ 132 ) 6.19 154

10 133 ¢ o.1¢ 18

11 137 ¢ 0.19 124

12 160 [} 0.19 106

13 3 ¢ 8.1 19

14 (2] [ 0.19 w02

13 147 ) s.1e s 3

té (31} [ e.19 b2 2

1? 176 1) o.19 o2

18 17 L] 0.1y b %) .

1 181 $ 8.19 438

2008 182 [ 0.1y 404
¢ First Crach * yitimate

178.



TAM.R  A-13

THST _RPSULTS ~ OASEAVID DATA FOR RFAM B81%-1a

Load Torque Rend .M, Shear Twint Deflectionn (inches ,' lf)’)
scage | (in.kipe) | (ta.ktpe) | (M1ps) | (rad/ia x 10%) rast Canter Vest
° 19 0.02 ° 0 [} 0
1 s 56 0.3?7 - ° 13 13
2 2 7 0.90 - 0 13 23
3 10 100 1.2) 4 . 13 3
4 14 123 1.37 s 10 23 13
[} 18 143 1.90 s 10 1) 40
6 18 167 2.1 ’ 13 30
7 1 1% 2.%7 7 i3 40 30
o 3] 212 2.90 10 20 a3 0
’ 26 234 3.3 11 2 50 75
10 i 279 3.90 13 33 8s 108
11 3] 01 .2 19 AS 100 133
12 » 324 4.3 22 so 123 133
13 39 M . 4.90 7 11 143 193
14 sl 3% 5.23 33 83 190 133
13 42 379 5.40 T 90 210 190
16 A4 n s.37 4 100 213 333
17 43 401 3.73 5% 113 270 %0
18 . AL} 5.90 58 125 293 A13
19 48 24 6.07 69 140 340 473
20 1) 438 6.23 78 153 385 540
214e 50 448 6.40 - 193 A70 s
®* Piret Crack
o Ulcimate
TABLE _ A-16
TEST RESULTS - OBSFRVED DATA FOR BFAY B1$-1b
Losd | Torqua Bend.N. | Shear Tvist Deflections ({nches x 10°)
stage | (n.kipe) | (in.kips)| (kips) | (rad/1a x 10%) Laet Centec Yast
0 19 0.02 0 [ 0 [
1 s 56 0.57 - [ 10 10
2 (] 78 0.90 - ) 10 13
3 10 ~-100 1.2 - 10 20 25
4 1 123 1.57 4 10 20 35
s 13 148 1.90 [ 10 30 33
¢ 18 167 2.3 7 13 38 AS
7 n 190 2.87 17 13 40 ss
T g 2 n2 2.90 10 23 as 0
’ 26 b3 .23 10 23 ss 70
10 3 27y 3.90 14 18 o } 100
1 3% 2 4.37 14 0 130 173
12 3 7Y 4.9 £} ] s 163 ns
13 & 343 5.23 n 0 200 270
1% 4 n $.5? 13 110 230 333
13 43 401 5.7 42 128 290 330
16 %3 A1) $.90 n 140 328 433
17 A8 (Y $.07 3 160 §731 493
13 11} 433 6.23 1) 183 423 $%0
1928 S0 vy 6.40 - - -. -

* Firsc Creck
e Ylitisete

179.



JARLE A-1?7

JEST RUSULTS = ORSTRVID DATA FOR _RTAM BiIS-Sa

Load Torque Aot N, Sheat “'d“ Deflections (tnches x 10°)
Stage | (In.kips) | (in.kips) | (ktps) | (rad/tn x 10%) [ o Conter | West
o
0 ° 19 0.08 ° 0 ° °
1 12 n 0.29 ° ° s 0
2 24 32 0.6 . ) ° s s
3 % n 0.9 10 3 13 1o
s a8 ‘5 1.29 16 3 P L) 20
3 54 101 1.46 1 ) b 1] 2
3 w0 12 1.6 3 [ 3 %
7 'R 121 1.79 b4 10 2 3
s 12 m 1.9 30 10 30 3
’ 18 143 213, 3 13 ] 3
10 8 181 2.29 0 15 0 T
1 "0 w6y | 246 6 13 It 30
12* % nr .63 m , B A3 S0
13 102 1 2.79 4 13 0 |~ ss
14 108 n 2.9 “ 20 s0 1Y
13 14 202 313 113 20 1 78
16 120 m 3.29 ’” 2 il s
1 126 m 3.46 154 2 100 128
120 132 232 3.63 - - - -
* Mn‘t Crack
& Ultinate
&
4
TABLE A-18
TEST RESULTS - OBSTRVED DATA FOR BFAM 31S-4b
Load Torque Bend .M. Shcn: Mlt Deflections (inches x 10°)
Stage | (in.kips) (1n.kips) (kips) ‘| (rsd/1n x 10%) Fast Center Yest
0 0 18 o.10 | 0 0 0
1 24 50 0.63 19 [ s 10
2 3% 1] 0.9 16 s 10 15
3 I 87 1.31 22 s 15 2
4 60 107 1.6% 30 10 25 1
s 72 * 125 1.98 37 10 25 40
[ -84 144 2.3 &6 13 " 30 45
7 s 154 2.48 .81 10 3 50
' * 184 2.65 s? 13 40 ss
9o 102 173 2.81 62 15 40 T
10 108 182 2.98 68 20 4 6
n 114 192 3.13 7 20 30 7
12 120 201 3 V1 s0 2 60 s
1 126 | s ” % o 100
1 132 m 3.65 106 30 80 105
13 138 230 3.81 123 40 % 13
16 144 139 3.98 148 4 113 160
17 150 249 415 112 s3 138 190
18 156 258 631 m 60 160 225
19 162 268 648 256 75 183 270
20 168 278 465 ans 't 233 328
2100 174 7 R 3 - - - -

& Flrst Crack
** Ultimate
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Tamg A1)

TA _Prm_BPAN aE7-8n

Lasd Voot sqpue feend K “henr Twlat __"_'1!::' tone (lnches 2 IO'T
rrame | (akipn) | Gadipsd | ipa) | (rwtfia s 10 |70 ’—c.“" —u.-u.
[ [ ] ) 0.23 (]
| § 11 L} 9.2% L)
? b} L] e.1% [
3 n L] 0.23% 13
‘e 13} ] 0. 19
s 3 s, 0.1 n
) " [ 0.15 n
? 13 ] e.13 »
] (2] L} 0.3 “
[] RN ] 0.13 b3 ]
10 101 . 0.13 C s
1 107 [} 0.23 62
12 111 - 8 0.2% “
1)¢ 1 ] 0.2y b
I m ] 0.13 ”
13 118 L3 0.3 [ 3]
16 133 [ ] 0.13 ”
17 13 ] 0.23 [ ]
1800 144 ] 0.2% 70
19 1s [] 0.13 511
20 101 [ 0.2 764
8 Firet Crack % Ulitfoate
JARS A-10

TEST RISULTS - OBSTRVID DATA_FOR BTAM Bl3-6b

Load Torque fend . N, Sheas Twist Deflections (lackes x 10)
Stage | (1a.kips) | (1a.¥173) | (kips) | (red/im x 10%) Lest Centar dest
. » 3 0.1 ° M .
1 12 S 0.23 ?
2 2 [} [ %3} 1
) 4 S 0.13 13
) 3 5 0.23 n
s [ 3 0.18 2
6 23 3 .23 23
y [ 3 0.2 a2
[] » s 0.2 [}
[} 107 3 0.2 s?
10 1nr s 0.23 “
11 128 s 0.2 "
12 13 s 0.3 80
13 138 S 0.23 s
14 144 5 0.2 %0
13 ftL) s 0.3 L] 4
16 133 s 0.3 102 N
1 160 S [ %+3 108
18 16 s 0.2 1ns
19 mn S 0. 129
.} 178 s [R-) 184
n 182 S 0.23 1 k.
7 (03 s 0.3 128
13 1%0 Y 0.2% %0
0 192 H 0.3 32
) 1 s 0.8 %)
b 19 s 0.3 a0
n 200 s 0.1 [}
bi] 200 S 0.2 320
29 100 ) 0.2 7]
e 08 3 0.3 “4
n [L}] 3 [ 19+) -

L& Firmt Crach

Wilinate
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TLTT PPIULIS - ORTFRVID DATA FOR RFAM CS-1

TARLE _A-21

losd | Torque Bond.N. | Shear Tutnt Doflections (tnchas x 10°)
Stage | (tn.kips) | (ta.kipe) | (kips) | (rad/tn x 10%) |7 - Center | Wast
0 M [ d.02 0 0 K]
1 128 1.52 [} 10 15
2 239 3.18 20 1 40
3 3”1 4.83 1] 60 70
4 483 6.52 %) '} 1]
5 552 7.8% ss 108 13
6" (73} s.18 3] 128 130
7 708 10.18 73 148 180
8 7% 10.85 80 153 190
’ 798 11.52 90 173 210
10 842 12.18 100 188 225
1 887 12.8% 103 200 130
12 932 13.92 110 220 270
13 76 14.18 120 218 300
14 1021 14.83 130 260 323 ,
13 1066 18.52 140 290 . 368 :
16 1110 16.18 160 320 Al0
17 1158 16.83 178 350 463
18 . 1200 17.52 208 380 $60
192¢ 1222 17.83 - - -
® Pirst Crack
*¢ Ultirate e S S
TABLE A-22
TEST RESULTS ~ OBSERVED DATA FOR BEAM CS-2
Load Torque Bend .M. Shear Tvisc Deflecticns (inches x 10%)
Stage (1n.kips) {in.kips) (kips) (rad/ta x 10%) Zant Center Vest
0 0 28 0.03 0 (] 0 0
1 12 127 1.53 4 10 13 20
2 26 236 3.1 4 13 33 40
3 38 ue 4.86 ? 3s (1} 70
4 51 437 6.53 ’ AS s %0
s sy [ $3) 7.33 10 ss 90 110
6 6 566 8.19 1 60 100 123
7 69 610 8.36 12 6 110 140
8 73 653 9.53 14 < 70 120 130
9 80 698 10.19 16 75 130 168
10 83 142 10.86 1?7 80 160 190
11 93 308 11.86 22 90 180 218
12 100 (37} 12,86 23 100 200 240
13 108 90 |- 13.86 26 118 230 280
14 113 121 14,53 2 123 238 ns
13 118 1028 135.19 37 138 " 280 350
16 123 1072 15.86 Y] 143 3071 388
17, 129 1116 u\n Y] 163 330 Y1
18 134 1160 12.19 $3 183 400 513
1 13 1183 17.53 58 205 4353 $90
200 139 1204 17.80 '3 230 500 1163

“ Fleet Crack
" Ultimate

/
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: MR 8-2)
TEST Sy - ORT/YTLY PATA Do ATAN CF-)
Load Tarqne Bend N, Sheat Tuist Beflecttans (inches u 10°)
stane | (nokipe) | Gtadipa) | (dtpa) | (rad/inx 1) Lamt Contut et
. 2. » o * ° . .
6 " 10/ 1.08 1 10 0 10
] 0 197 3.4 LR N 1) ” 2]
) r m “n n 1. 5o »
) * 03 3.4 Y % 0 I
3 1 359 “N ” " s 1)
. 12 131 1.01 s . I 1
’ e Y 7.68 a0 30 ” 7
s 1% ) RN a2 33 103 0
’ 162 s0) s.01 1Y) 4 110 14
100 174 3 .68 11 30 ns 0
n 1% 373 10.34 4 1 123 ”
12 18 o 11.01 3 1 133 103
1 no “r 1.6 . 7 1% 120
" m o) 1.4 7 %0 163 1%
13 3V ny | 13.01 n % 1%0 143
" 4 133 .68 9 100 ns 170
1 238 ”m 1.4 m 10 243 1%
18 264 sy | 18.68 116 120 3 ne
1 Z 210 't} 15.01 18 130 283 m
10 me " 15.14 153 133 no 2#0
n w2 % 15.68 169 143 311 263
2] 288 m 16.01 184 160 370 1
b3 ™m s | 168 203 1% 08 3%
= !4 sy | 1.3 213 T} 433 113
2500 29 08 15.91 - - - 400
8 firsr Crack at Ulcimste A
Ry A=

TYST RESTLYS = OSSISVED DATA FOR BEAY C3-4

Lead Tatque Bend.X. shc‘u Twist Deflections (iaches x 10"
Seage {(1n.%ips) (h.’slpl)_ (xips) | (vad/ta x 10%) Tast Ceater st
° (] 12 0.63 ° ] [ [
1 3 b1 1.46 H 3 33 4’
? [3) 39 2.1) 13 2 43 [
3 ” [ 279 19 3 30 a3
4 ns '3 3.48 b 40 S0 s
s 163 1 813 ] % as 1 M
) 169 3] %1} a 1 70 “
’ 19 ” 346 1Y 30 s ”
s 209 103 s.79 " m so 0 ”
’ m - 6.1 1) (1} 20 2
10 M m 6.4 ) 30 1 »
1 2wy 23] 6.7 3] 33 7
120 260 129 7.1 10 .0 ” »
1 m 13 1.4 n [ 100 »
" 58 13 1.79 s 0 103 [}
13 2 1Y) 8.1 ™ o 13 )
14 n: 133 346 ”n o ns ”
w s 159 IR » - 3} 120 ”
13 b3 16 1) 109 (13 123 108
1 1Y i .46 113} 70 133 1ne
0 84 1 (%14 w 7 143 1ns
n m 19y [Sre.1) m 0 s 12
1 ) 158 10.2¢ s ” s 13
b3 1) »o 188 10.48 - - - -

& First Crack

e yitirste

183.



e _ 184.

rux -3

TPST Rr2IATE - GAAPPNPL BATA UM _NPAX C3-3

Loed | Toryee boad | Shear - Tviet brilrctioas (foches 2 107)
stage | C(n.bipn)| Clanipe)| (biger| traarsm w 10®y [T 00 Comter .
[ 0 12 .43 . (] 0 [}
1 “ n 1.1 1n s [} )
2 ”* » 1.1 n 3 11 10
b} 120 » .13 » 1) 10 13
4 1 43 2.46 I 3 13 ]
) 154 “ .43 3 ] 13 ]
1 168 ,5t 2.7 “ 10 20 0
? 100 N 1.% 1Y} 10 5] 23
s L3 Y 313 [t} 1} 3 )
] 204 (2} 1Ly 52 10 N . ) 3
10 218 3] S 3.48 £ 3 20 b}
n m “ 3.63 s, 10 13 ]
120 10 (1] 3.7 (3} 10 ] »
1 23 ”n 3.9 [ [} 3 %0
" M4 1 40 " » “
13 7 n (%) 78 10 » (L)
16 m n (W3 [ 4] s 30 .
1Y 300 s 4.8 n 10 33 [}
" - a2 [} 479 ”% s % s
19 m [ (X3 1e s ] 43
b 3 ” 3.1y 140 ° % e
n Hs * . 199 s 3 ‘a8
1200 360 ” 5.4 pT% ) 13 20 L)
et Ctack ¥ §leinaca ’
nug A-26 3
«

JEST RLSULTS - OFSERVID DATA POR BFAN (3-4

toad | Terque beod.X. | shesr Tvist | Peflactions (tnches x 10%)
Stags (ln.kl”’) (1n.kips) | (kips) | (rad/1a x 10%) Fast Contar Uast
. ° . 0.3 . ° . .
1 2 s 0.5 ’ » 3 .
2 3 s 0.33 10 -3 ° .
) » s | om 13 -3 . .
‘. 107 [ 0.33 n -10 -3 -3
[} 1 s 0.33 2 -3 . o |
1 128 6. | 0.5 » -10 -3 | -1e
y 138 3 0.53 n -13 -3 -1¢
s 14 ' 0.3 } %) -13 -3 -3
’ 160 . 0.3 *» 0 | -3 -3
e . m ¢ 0.33 b 10 ] -8 -3
1n 182 s 0.3 Q -13 -10 -10
124 192 [ 0.3) “ -13 -3 -10 .
v 208 s (X3} 52 -13 -10 -13
1" 223 3 0.33 e -20 -1 -1
13 M . 0.3 s -2 -1 -1
1 o7y s 0.3) o -10 -13 -1
1 m |- . 0.3 13 T -» =20 -1¢
18 28 s 0.5 18 -23 s | -1
19 04 . .3 ”n -30 -3 -35
0 ns ¢ 0.5 102 -3 -4 -0
n 32 . a3} 13 40 -0 -3
2n »m 1 (%3] 15 -3 -40, -390
1] n2 . 0.3 19 -3 -43 -0
a0 »2 s . | EY) -% .23 43
» ”e . ..32 - - - -

T Fient Conch Wit mate
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TANLE A-117

TPT RPSINTS - ORCYRVID DATA _POR REAM -t

or
Load -/orquc LULL IS B Shear Twist Deflectlons (Inches x 10%)
Stage In.xipe) | (tn.%ips) | (ktps) | (cad/tn x 1D) ant Centar Vet
0 23 n.08 o [] []
1 12¢ 1.58 0 10 20
2 33} 3.24 . 20 40 (1}
) 1YY 49 a0 3 80
. a0 | se 30 0 100
[} 476 6.91 %0 100 120
¢ 320 7.8 1 103 ‘130
7 L 363 .2 70 113 143
" 608 6.9 78 130 163
’ 652 .38 ' 143 173
10 693 10.24 ss 153 190
1 740 10.91 % 173 20%
12 784 11.58 100 190 230
13 87 12.24 110 20 260
14 82 12.91 120 223 283
15 26 13438 130 250 3o
16 959 14,24 140 270 s
17 . 1004 14.91 155 293 a8
13 \ 1048 15.58 170 s 433
19 N\ 1091 16.24 183 378 © A%
20 M. e | 16,38 200 405 s2s
1 113 16.91 us 433 380
22 1187 17.24 240 490 133
2308 1180 17.58 260 (111 750
* First Crack
** Ultimate TABLE A-28
TEST RESULTS - OBSERVED DATA FOR BEAM CH-2
Load Torque Bend .M. Shear Twist ~.D'"'°“°” (fnches x 10%)
Stage | (in.kips) (1o.kipa) | (kips) (rad/in x 10%) Fasc ‘Center Vest
0 0 b1 0.08 0 0 0 0
1 12 124 1.38 2 10 20 25
2 2 233 3. [} 23 40 53
) 3 344 4.9 7 3 1] L
4 a1 434 6.38° .13 50 20 110
s a9 s20 1.58 16 3 105 130
60 so 563 8.24 17 0 120 140
7 1] 608 891 20 s 130 160
s 73 652 2.38 21 iy 143 180
’ 80 693 10.24 - 26 '} 163 200
10 3 70 10.91 28 ° 180 ns
11 %0 184 11.58 s 100 200 250
12 "’ 827 12,24 73 110 s 273
13 100 [} 12.91 33 123 ‘2453 303
14 103 216 13.58 62 138 273 0
13 1 939 14,24 72 143 300 380
16 s 1000 | 141 s 160 1% azs
17 1 1048 13.58 10 173 370 a7
18 1% 1091 | 16.24 113 1% 400 513
19 129 114 - | 16,38 2 198 423 350
2000 3] u» i8.91 133 210 433 380
Firet Crack

o Uit ismte

185.



ARLY__A-22
TAME_A-D)

TPAY PPSULYS = ORGPPVID_NATA_TOR_WVAM CH-)

load Torque rend M. Shear Twinst Deflect lons (inches ¥ 10%)
Stage (in.kipn) (In.klpn) {(kipsn) (rad/in x 1) 9“ Center Vent
0 0 24 0.14 ° 0 0 °
1 %) 114 1.64 4 Yy 19 13
2 0 214 1,30 12 20 1) ‘0
1 7 174 .30 16 23 50 0
4 9% 3 5.3 20 30 60 73
s 108 I (X }) 7 40 70 83
6 110 a4 6.64 ) a3 '3 .00
b 132 a4 1.30 3 Iy ” 110
8 138 A% 7.64 32 30 100 118
’ 130 $14 8.3 Y] ss 110 120
10 162 334 8.97 s 63 128 143
n 174 s94 9.64 52 70 140 160
12 186 634 10.30 62 78 160 185
1 198 674 10.97 1) ' 173 1ns
14 210 714 11.64 101 100 208 ns
13 12 754 12.30 120 110 133 290
16 234 794 11.97 187 123 270 330
17 246 (3N 13.64 186 138 03 s
18 252 854 13.97 m 150 338 “a13
19 258 874 14.30 236 133 3ss 443
20 264 894 14.64 238 170 390 a3
n 270 913 14.97 290 180 420 s23
22 276 934 13.30 323 193 470 390
2340 282 954 15.64 - - - T -
a
* TFiret Cynck
** Ultimete
TABLE _A-30
. TEST RESULTS - OBSEAVED DATA FOR BEAM CH-4
Load Torque Beod .M. Shear Twlst Deflections (inches x 10%)
Stage | (tn.kips) | (la.kips) | (kips) | (rad/in x 10%) East Center Vet
0 o 23 0.91 0 ° 0 0
1 39 83 .74 [} s [} 10
2 1 13 2.41 4 16 10 10 2
) 9 181 3.07 23 10 3 L%
4 17 229 374 32 10 L% 40
se 143 217 4.41 a1 [ 33 A3
't 169 328 s.07 . s 33 13
7 195 731 .74 0 10 s0 70
s m an | eaf 7 13 35 ‘80
’ 27 469 1.07 " 20 70 ”
10 260 193 7.41 110 20 80 no
11 267 s1? 7.74 128 23 0 128
12 286 si1 8.07 147 » 100 118
13 29 363 8.4t i b1 110 150
14 n2 589 8.7 232 40 130 173
1300 s so1 .91 2 O 40 140 193
14 288 613 9,07 - \\ - - -

* Fiest Crack
2% Ultimate



TEST RPSILTS - ORSPRVED DATA POR BFANM CR-3

IAME A-N

v

Loed Torqae Berd M, Chear Twing beflections “MM.. x 10')
Seage | (in.Xlpe) | (tn.vipn) | <kipa) | (red/tn x u{‘l st Canter ot
° ° ¢ 0.39 o\ o {9 °
1 2 0.13 44 ’ R s
? 40 12 1.09 g‘f’ { c\ [}
) n 16 1.42 1 \\?\f s
% » ) 20 1.73 0 - s
[ 108 212 19 |- =n s 10
¢ 120 Y} 1.09 n s 10
7 1B 2 .23 | V¢ 30 ] 10
s 144 Ty 2.42 | ” s 10
’ 156 30 PR 38 3 13
10 168 12 2.73 a 10 20
u 180 N 7.92 a 10 23
120 192 * 3.09 A ° 13 23
13 216 40 .42 ]} ° 13 %
14 240 “ 3.73 s ° 20 .33
13 264 8 409 104 0 23 33
16 2 2 6.2 11 ° 20 40
17 300 54 .99 162 -3 15 40
18 112 56 4.7% 123 0 13 40
19 324 s8 4.92 310 10 20 40
2000 33 60 5.09 - - - -
* First Crack
#* Dlcimate
TABLE A~
TEST RESULTS ~ OSSEXVED DATA FOR BFAM CH-$
Load Torque Sand. . Shear vist Deflections (inches x 10%)
Stage | (1a.kips) | (1a.kips) | (kips) | (cad/tn x 10%) maec Center vast
0 0 . 0.31 0 0 0 °
1 27 ’ 0.31 12 0 0 o
2 53 ’ 0.31 1 -3 - -3
3 80 ’ 0.31 2 -20 -3 -3
s 107 ’ 0.31 n -2 -10 -3
s 1 ’ 0.31 Y] -20 -13 -3
6 128 s 0.3 a -2 -13 -10
7 143 ’ 0.31 4 -23 -20 -10
s 199 ’ 0.31 " .28 -20 -10
’ 14 9 0.0 47 -20 -20 -10
108 130 ’ 0.31 Ay -20 -20 -10
1 133 ’ 0.31 52 -20 -20 -10
12 160 ’ 0.3 [T} -20 -20 -10
13 1 ’ 0.31 0 -1 -20 -13
14 Len s 0.31 ¢ -23 -20 -10
13 198 '] 0.11 n -2 .28 -13
16 n4 ’ 0.3 2 -30 <30 -13
1 23 ’ 0.3 148 -3 40 -1
e 240 ’ 0.1 186 40 -y -23
19 m ’ 0% a7 -50 =53 -40
20 262 . 0.31 233 -3 40 A3
n 272 '] 0.31 n -3 -3 -33
22ee ) ’ 0.3 563 40 -80 40
3 | m ) 5.3 - -A3 -100 43

& Tlrat Crack
o0 Yltimate

fa
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APPENDIX B

STRAIN GAUGE READINGS

Strain gauge readings, recorded dufing the test of each beam
of series B and C, are presented in Tables B-1 through B-59 of this
appendix. Generally, each beam was instrumented with seventeen strain
gauges; five on the longitudinal preétressing steel, and twelve on
stirrups. ‘All gaué&s were ﬁiaced at the probaBle failure region. 1If
a beam was tested in pure bending, no strain gauges were mounted on
the stirrups, however, for pure torsion»al¥/;;355teen strain gauges
weif used. étailed location of strait‘gadkes is presented in Ghapter

~— i

3.

With the exception of heams tested in pure bending, two
tables are given for each beam on one page; the girst presents strain
data for prestressing steel, and the second strain data for transverse
steel. It should be remembered that the strain in the prestressing
steel, recorded ir ne: tables represents only the ingrease in strain
between zero and u. 'mate stage of loading. This has to be distinguis-

. hed from the total strain which includes, in addition, the prestrain.

Increments corresponding to first cracking and ultimate are
designated in these tables using a single and double asterisk, respec-

tively.



JARLE 3-1

: <
PRESTRESSING STEFL STRAINS (WICRO TWCNFS PER_INCH), BFAN I;-_[
Load ) Strain Csuge Lacatioa
\ Stage a . | c 4 e
[ o ° ° ° 0 °
/ 1 3 40 17 = -18
2 160 41 138 -100 -140
3 230 13 240 -200 ~260
4 338 160 3u0 -31% -340
[} 420 183 403 -A70 413
¢ 530 228 480 ~358 -520
r 643 153 s30 625 -510
' 720 290 s 483 33
’ 000 330 820 -110 -170
10 s 380 20 -850 -7%0
n’ 995 433 1160 -1040 -370
12 1133 520 1380 -1090 -1020
1) 1310 610 1610 -1270 -1120
14 1480 * 700 1820 -1440 -1320
18 1330 313 1933 ~1580 -1463
16 1780 0 2043 -1843 -1380
1704 1970 1220 7070 -2140 -1300
& First Crack
A4 Ultimate
oRe -2 . -

PRESTRESSIXG STEEL SIRAIKS (MICRO INCHES PIR IXCH), BEAM 35-1%

Load Strajin Cauge Llocation
Stage 'Y » c 4 .
0 0 [ 0 [ 0
1 70 4] 70 +# -90
2 153 135 150 -183 -190
3 240 210 240 -295 -300
4 300 260 295 -360 ~370
s 360 310 360 -440 450
s 405 348 403 495 ~505
? 430 380 435 -330 ~560
[ 305 430 510 -615 420
’ 540 455 $50 -630 -435
10 570 485 €10 490 4%
11 670 45 680 -73 -130
11 120 57 138 -163 -7¢3
13 795 620 193 -815 -810
b1 8% 720 "5 2% -$%0
15 1040 7% 1030 ~990 -975
16 1140 860 1130 -1090 -1080
17 1210 893 1228 _ -1210 -11%0
18 1320 8350 1320 ~1330 ~133%
19 1390 830 1413 -1930 ~1519
20 133 (733 1578 -1750 -1710
2100 1130 860 370 -5000 4600
& Pirst Crack ot Ultioate
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PRESTPESSING ?XY.Z'L STRAILNG (M1Ck0 TIKARS FER_INCH) , BPAN RS-2

Steatn Cauge Llocatlen

Load

Stage a b e d e
[ ]

.3 30
2 113
3 173
4 243
) %0
¢ 340 .
7 373
] 413
[ ] 460 )
10 43
11 613
12 860
13 1038 R
14 1283 .
13 1330
16 1780
17 1983
18 2100
1942 2900

& First Crack % Ulcimate
t

STIRROUP STRAINS .(HIC‘.&O INCHES PER_INCR), BEAN B$-2

2

Strain Cauge Location

Stage] | ;1S 1B 1M 2-T 2-8 2-B 2-M 3T ‘3-8 -3 3%
) o o 0.0 © o0 ©O0 o 0 ©0 0 -0
1 10 s -3 o 10 o o0 o 10 s -3 o
2] 20 10 15 5 3 -3 -3 o0 2 5 <20 -3
3} 35 135 -235 O I -3 -10 -5 3 3 -3 -8

% 4% 1S <33 0. 30 -10 -15 -3 43 o -50 -10
5|8 1B 40 0 6 -5 3 -3 30 -3 53 -1
6] 0 15 45 o0 10 15 a5 -5 60 -13 63 -2
7] e 20 -s0 o0 13 -20 -15 -5 6 -20 -6 -8
¥ 158 20 -3 0 85 13 15 =35 13 =35 60 -30
oo] 75 ‘25 335 0 0 -23 +3 -5 80 43 43 -38
10| 85 235" 60 -3 105 40 20 -3 90 38 13 40
11| 95 23 435 -3 120 55 48 -3 100 95 113 -25
12 105 15 -70 -3 10 -3 o -10 1s 20 240 30
13 | 1us 13 <13 <10 153 418 -3 <20 125 285 330 120
14 J12s 10 -1 a3 f0 «0 -3 <30 240 383 a5 140
15 ] 135 s -15 <15 183 4260 _-13 53 153 473 413 178

167|180 60 <73 <13 200 #4250 <13 ~70 160 333 523 190
17 143 -3 -10 -0 218 320 -20 80 170 360 I3 193
18 | 155 <10 <70 -20 223 408 25 -90 190 623 363 203
1] ¢ - e e e e e e e e el e

4% Uleimate -

Fiept Crack

190.



TARE  3-9
T PPESTAFSSINN SYENL STRAINY _(MICKO_ 10005 PER 1), BPAM A3-28
Lned i Stealn Ccu“_ Locatioa
Stage a » P 4 o
° ° ° ° ° °
1 30 33 60 7 4
? 100 110 113 " 1]
) 140 153 163 103 us
‘ 180 200 210 163 133
s 700 213 3T} 150 . 173
3 123 250 263 140 193
70 243 73 293 108 2%
s 70 303 s % 163
’ 280 , 320 40 530 %0
10 293 b 360 520 295
1n 03 s 360 s
12 320 98 583 s
3] M3 0 00 370
14 ”o 440 500 620 438
13 400 480 $70 30 s2s
16 a8 538 0 %S 0
17 460 59 780 1158 TAS
18 480 640 11} 1043 300
19 500 700 s 950 260
20 s20 780 1008 %0 93
n 340 050 1108 730 1000
2288 353 - 1250 - -
"% First Crack 4% Ultimate
TABLE 3-§
STIRRUP STRAINS (MICRO INCHES PER INCH), BEAM BS-28
Load Straia Cauge Llocation
SEARSl 1T 18 1-B 1N 2T 2-5 2-2 2-% 3T 3-8 3-8 3%
0 0 0 o o 6 o o o ° o o o
1 10 6 o0 10 10 1 o0 S5 10 [} 0 s|.
2 13 0 0 10 25 10 -10 10 25 10 o 10
3 v 03 10 .10 45 15 -20 10 43 10 -3 10
‘ 0 -20 15 35 15 -30 10 6 10 -3 10
4 6 -20 15 6 20 -3 10 & 10 -S 10
0 0 -2 15 M 2.-3 10 0 0 0o 10
> 0 0 -25 20 80 20 40 10 80 L RIY [
s [T} 0 -30. I3 85 20 -40 10 %0 o 40 s
’ 80 0 -3 20 0 20 40 10 B 0 60 L]
10 s+ 0 <30 20 93 25 40 10 105 -3 I3 3
1 1 0 -30. 20 100 .25 40 10 110 -10 %0 s
12 7 0 <30 20 105 25 -40 10 115 -15 9§ 3
13 s 0 -30 20 115 23 40 10 1% -30 93 . 10
" 800 0 -30 20 1235 25 <30 0 10 -3 95 10
13 0 0 -2 3 U0 30 20 0 15 =30 0 13
16 1] 0.-2 25 150 35 -13 -5 1S o0 0 W
1 100 0 -205.25 165 45 -10 -10 193 & 70 33
18| 1w o <10/ % 10 s o <13 210 10 70
19 110 -3 <10 3 180 43 S -20 2235 W3 0 13
20 1S -10° -10 30 1% S0 13 .30 20 113 .70 0
n 120 =10 -10 35 193 45 20 -40 270 200 IS 18
2200) 128 g8 6 33 205 35 200 -A0 190 0 %0 -38
¥ Ultinate

® First Crack
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TARIR A7

PRPSTRPSSING STEFL. STRATNS (MILRO_UCHES FER 100H), BPAM RS-}

Load Straia Cauge Locatios
Stage a » ¢ d [
) 0 ° ° ° )
1 0 30 0 ss 0
2 Y 110 s 113 138
3 128 155 . 113 168 198
. 143 188 113 198 2
s 163 10 133 223 243
s 185 233 170 toass 05
7 208 263 1%0 290 us
] 230 295 us- 3% 383
9 253 s 235 380 30
10 278 s 263 a1s 573
u 300 438 293 s1s %0
12 30 483 313 720 s
13 Y] 513 320 840 %03
" 393 373 240 %0 1010
/ 15 708 Ty 0 1090 1100
1 780 76s 398 1193 11%0
17 830 83 . s08 1250 1243
18 7%0 90 360 1323 1328
19 640 1050 €00 1480 1380
2000 - - - - ) 2400
® First Crack 24 Ulcimace /
J/
TANLE 3-8
STIRRUP STRAIXS (MICRO INCHES PER INCH), BEAM BS-3
Losd Strain Gauge location
Stagel 1t 1-5- 1B 1-N 2-T 2-§ 2B 2-¥ 3T 3-8 -3 3-¥
0 6 o o © o o o o0 o0 o o o
1 10 o0 o0 ©0 .10 0 -10 0 -3 © 0 o
2 20 -3 0 10 25 -5 -13 S -108 O -3 0O
3 35 -10 o0 10 33 -0 -235 10 -85 0 -3 3
s 0 -10 o 15 &5 -3 25 10 -5 5 -3 8
s & -10 o0 15 30 -10 - 10 -1 S -3 S
s 56 -10 0 15 S5 -10 -3 13 -163 3 -8 5
7 55 -10 @ 26 & -3 -3 15 -1335 S o ‘S
') 335 -3 -0 20 770 5 -3% 13 -150 -3 20 @
ool 6 10 o0 20 80 35 23 13 -135 -25 33 =S
10 ¢ 15 10 20 %0 S0 -20 10 -125 -3% 113 -20
1 7 25 20 20 100t 1S -23 $ =105 13 123 -30
12 7 4 25 20 1107208 -23 0 -85 210 120 80
13 80 45 4D 20 115 403 -35 15 43 370 130 -93
Iy 8 43 143 25 120 655 45 -30 -70 580 150 -83
13 0 A3, M3 40 130 MO0 43 IS =35 680 188 110
16 | %0 75 363 43 140 120 -25 20 40 713 225 -140
17-] 9 140 40 33 s 100 0 ¥ -5 770 250 -168
13 ] 95 213 313 70 155 123 20 123 70 800 295 -330
19 | 100 310 6 ‘140 265 200 35 243 320 %03 460 -27%0
zo.. - - - - - - - - - - - - -
& First Crack 48 Jlcimmte
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TABLE 8-9

PUPSTPESSING STEEL STRALNG (MICRO INCHES PER INCH), REFAN BS-4

Straln Cauge Locatlon

44 Jlcimate -

Loed )
Stage Y € ‘ ] .
e ) 0 0 ° °
1 15 13 20 23 20
2 23 3 20 40 3
3 40 40 48 35 a3
4 1y 50 (1] . s
[ 0 0 7 , 80 '
¢ ” 73 0 100 ¢ )
? %0 %0 100 120 »”
s ” 108 1o 130 103
’ no_ 123 150 120
10% 125 1\ 140 170 138
1 140 130 160 1%0 133
12 160 170 173 210 190
13 170 190 198 s 70
1 180 200 208 240 a5
13 190 203 1m0 - 50 900
16 193 215 220 260 900
17 155 190 . . 13 235 89S
18 1% 138 10 s 83
19ve 110 123 165 230 .78
h & First Crack * Ulcimate —
4
TANLE_ 3-10
STIRRUP STRAINS (MICRO INCHES PER INCH), BEAM BS~4
Load Strada r(hu:l Location
scage{ | T 15 1-B LW 2T 2-§ 2-B 2-N 3T IS 3B 3%
0 ° 0 0 [ () o- 0 0 0 0 ° 0
1 s s5° 0 S8 S -$ 3 o0 3 o s o
4 10 s 0 s s -3 10 o 110 -5 s -3
3 15 8 © S 10 -5 15 o0 15 -3 10 -3
s 13 s -3 s 10 -3 15 0 15 -3 110 -3
s 15 10 -3 S 15 -3 20 o0 20 -3 15 -5
. 0 20 o 10 {5 s 3 5 Q 20 0
] 25 4 0 20 20 10 40 10 40 3 0
8 Jo S8 3 35 30 23 40 20 40 5 30 -3
’ 30 715 3 25 25 40 S0 0 43 15 33 -3
10¢] 0 1m0 120 3 30 % 33 3 50 W 4 0O
1n 30 1735 10 30 3 133 60 30 0 30 0 o
12 35 3 10 35 30 200 65 35 60 6 & O
T} 0 340 i3 40 40 MO IS 53 €5 13 75 -10
14 40. 390 1S5 40 33 360 80 55 € 9% 83 1S
13 40 430 13 43 33 400 83 60 70 100 108 IS
16 48 ATS 15 30 40 M3 90 60 70 S 120 -20
V) 30 305 10 420 40 330 %0 6 70 130 125 -20
18 ) 830 1030 25 3473 30 S23 93 70 JO 10 13 -3
goes] 1265 1083 7o 2415 A4S 470 105 9% 63 143 120 =20
& First Crack .
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JAMLE_ 8-1)
PRESTRESSTRG STFFL STRATKS (MICRQ_INCHES FFR IWCH) , MFAN B8-3
Load Strafa Cauge Llocatioan
Stage . » [ 4 e
[ ° ° ° 0 °
| 10 10 10 10 10
2 1) 20 20 13 13
3 5} 23 20 13 « 20
4 3 » 23 20 1)
S 3 33 23 20 23
¢ 3 b1 23 23 ]
7 40 40 b 23 b\
s 43 ) 0 2 3
] 43 43 b ) b 1
10 sq 50 s s 40
1n 3 ss 33 33 43
i |7 30 L} 40 18 43
13 10 0 0 40 50
14 7 (3] 43 43 0
13 75 6 30 45 53
16 1 70 ss 30 0
17 7 70 1) 3s €0
>
18 ‘ 15 70 60 11 63
1 | s s0 ss ss s
200 130 -58 13 40 €0
* FPirst Crack *4 Yitimate o ,
TABLE B-12 \

STINAUP STRAINS (NICRO ISCHES PER INCH), BEAN BS-3 ,

Load m/ltnln Cauge Location
Stagel 1+ 3.5 1B 1N 2-T 2§ 2-B 2-N 3-T 3-8 3B )N

0 0 [ [ ] o 0 0 0 o [ o: of ¢

1 ¢ o 1 -5 5 S 5 o0 o o 10 0

2 0 - 20 -5 S5 10 1 S S o6 2 O

3 0 -5 25 o 10 10 10 S S5 5 25 0

4 o -5 30 o0 10 15 w0 s S5 5 5 0

5 0 -3 3 10 10 20 13 10 .10 5 3 O
) o o 4 15 10 25 15 10 10 10 35 0o}

7 9 s & 5 15 3 13 15 10 15 40 s

s 0 5 4 /3 15 3 15 13 10 15 48

’ 0 10 45/ 35 15 45 20 15 10 25 45 10
10 O 15 S0 48 15 5SS 20 15 10 30 50 1S
1n O 20 S5 55 20 75 30 235 10 35 50 1
1] o 20 ss e 20 s 30 0 10 45 5 20
13 0o 15 € 70 20 105 30 30 15 50 55 23
1| % 10 e s 20 135 30 6 13 0 0 ¥
13 5 10 € % 20 15 0 70 15 0° 0
16 s o0 70 105 20 230 30 15 10 95 60 30
) ss -3 70 105 20 20 30 8 25 300 6 33
18 € o0 7 115 20 300 30 % 35 110 € 60
19 6 5 % 115 20 Mo 25 % 45 13 6 60
2000 0 373 470 835 20 260 20 € 45 110 S0 58 .
® rirst Crack ‘ '0! I‘Jltlnu



TAME B-1) .
PRESTRPSSING STEFL STRAINSG (IFCRG TIONES PR _INCK WPZAN BS-6
Load Strain :‘wn locattoa
Staxs . e d .
] 0 ] [] 0
1 -9 -3 -3 [
2 [} [ -3 -3
) ° ° -10 -0 T~
& 0 b -10 -3
S 10 [ -10 -3
[ 13 [ -13 -3
7 20 [ -13 -3
s ] (] -13 -3
9 10 ] -13 -3
10 s 10 -13 -10
11 10 10 -13 -3
12 10 13 -13 -3
13 10 15 =19 -5
14 13 13 -10 [
15 13 20 ~10 ]
16 20 23 -5 [
17 20 35 13 -10
18 23 1] 1 -10 - i
1900 73 10 i -10
20 108 70 30 -5 ,
* First Crack a4 Tltimate Jl
[
. TARLE l-ll[s l\

STIRRUP STRAIXS (MICRO INCHES PER_INCH), BEAM BS-§ ]

Straina Cauge Locatioa

Load
stage[ 17 1.8 1.8 13 2T 25 2-3 2°K 3T 3-8 3-B }¥
o o o 0 0 ¢ © o o o O o o
1 ) (] L) 0 -3 s 15 -5 10 [ (] 0
2 0 -5 135 o0 -10 S 35 o0 15 s s o
3 10 -5 28 o -10 s 4 -3 13 s s s
4 13 -0 2 o -10 S 8% o 2 15 10 []
‘s\ ‘20 -10 3% 3 -10 10 30 -10 20 15 110 10
¢ A0 -10 3 10 -1% 19 60 o 23 15 10 1
7 \s -5 4 20 -10 s 6 6 3 ‘20 10 25
8 %0 -5 4 35 -5 20 15 10 .35 25 10 23
9 95 -20 45 130 o 20 85 15 40 30 10 30
0l] 100 -3 40 208 o 20 65 15 4 3 10 13
1 o 43 40 255 o 25 9 25 55 3 15 38
12 108 -60 33 323 s 20 1105 23 15 3% 13 o
13 ['10s <70 35 3% 10 223 mns 25 8 0 15 &
w |10 -as 30 &ss 10 2 ms 25 s I 184S
‘13 105 <100 25 S60 10 20 120 25 100 35 13- 50
1 | 1no -m0 -3 7200 13 s 123 40 110 40 13 &0
17 160 -10 -20 Ny 13 ¢ 145 4 1137 40 15 8
18 185 105 <20 6% 13 -3 165 43 113 40 13 110
peee] 235 385 150 es0 20 13 40 43 110 40 13 13
20 255 630 410 1060 20 130 ‘760 43 110 40 20 35
*Firat Crack ar Yicimace
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313

STEPL STRAINS (MICRO INCHES PER TWCH), RVAN AN-1

Load Stratn Cauge Locatien
Stage s b c 4 'Y
[ 0 0 0 0 0
1 70 '} -90 6 -70
2 130 150 ~193 150 -170
3 233 240 =313 260 -26%
4 190 00 400 303 -338
[ 333 340 43S 350 -380
6 390 383 =513 430 . 423
7 460 440 -38s 520 ~480
(] 380 500 60 610 -530
’ 720 490 -138 730 -593
10 870 220 -8 a1 565
1 1010 1120 -930 890 ~738
12 ns 1370 -1038 970 -823
13 1410 1600 -1188 1125 -920
14 1620 1830 ~1360 1290 ~1030
13 1770 1970 -1530 1400 ~1130
16 1880 2063 -1610 1505 -1180
17 2025 2208 -223% 1383 ~1700
184 2208 2430
4 First Crack «t Uleimats

196.
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PRESTRESS I STERL STRAINS (MICK DIFHES PYR_INCH), APAM AN-2

Load Sitrala Cauxe l.aéatlon
Stage . » c é .
° ° ° o ° °
1 40 0 s 0 &
2 7] 103 120 t20 173
3 128 138 170 173 s
4 160 200 10 s 318
s 108 2123 260 270 - 39
3 203 233 293 03 430
7 225 283 130 ) 320
s 250 ns 370 440 620
’ 270 ' 330 410 400 7%0
10 300 3% 300 738 s
1 333 ass 708 930 1060
n 370 610 s 1100 1310
13 A3 843 1060 1328 -
" 720 1080 11%0 1520 -
15 ] 793 1188 173 1620 -
16 895 1308 1370 1475 -
v 260 1398 1440 1210 -
18 993 1468 1500 1160 -
19 1030 1520 1350 138 -
20 1060 1595 1620 1% -
2 1100 1680 1705 1150 -
220s - - 1760 - 1243 -
T Firat Crack %% Ulcimats
, TABLE _3-17
STIXAUP STRAINS (MICRO INCHES PER INCH), BEAM BH-2
Load Strain Cauge Location .
Stag®| 37 1§ 1-B 1-K 2-T 2.8 2-3 2-M 3T 38 33 2-W
“ 0 6 o6 o6 o0 6 .0 0 ©o o o o o
1 10 S o 16 185 -5 o0 5 18 o -3 3
2 15 10 '0 10 25 -3 -10 S5 23 3 -15. .3
1 1S 15 -3 10 40 -3 -135 S 4 20 =20 S
v 20 0 -3 10 s 3 -5 10 5 33 -23) s
s 25 25 -S 135 6 15 -15 10 65 40 -30( 10
6 2330 -85 15 6 25 -0 10 70 A5 33| 15
s | 2 35 -8$ 15 15 35 20 10 60 S0 -43) 15
! : 0 -5 15 8 30 -0 S 90 40 43 1o
s 0 -100 10 % SO -5 0 100 15 -sob 1s
P - ~ -3 10 100 6 30 0 110 95 <33 4d
- -5 15 110 5SS 220 -5 125. 2% -5 90
i -5 10 125 35 3355 15 130 335 350 170
A ~$ 15 140 25 420 -30 183 340 613 190
14 20 30 155 185 a6 -3S 225 368 813 103
s 2% 40 60 310 495 40 260 400 903 70
16 s S 115 695 05 -40 315 435 96 38
17 8 S5 i85 750 525 -3 350 460 1000 20
13 R S o0 78S SAn <33 390 A75 1040 8
19 RE It 65 v 818 . -3 420 490 1080 O
20 A4S 25. I8 65 200 830 353 -35 460 300 1130 -10
7 S 288 L ~ 205 900 3835 -40 320 510 1165 20
2e¢| so a0 ss0 - - = e e e e = =

& First Crack

LI ERE R
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TAME  B-18

PRESTRESSING STPEL STRAING IMICKO [HCHES PPR INCH), RFAM AN-)

Load Straia Cauge Location
Stage a » c 4 e
° 0 ° 0 0 °
] a3 0 0 1 .
1 100 120 123 133 133
3 1% 170 18 210 193
3 173 200 200 230 250
, s 208 233 270 293 263
“\ 6 0 3% %0 M0 208
' 233 733 440 393 s
s 270 830 sto .23 [Y;)
’ 293 223 613. 743 53
10 340 1003 710 760 40
11 a2 1130 33 7% 645
12 610 1233 1030 1010 7%
13 820 1343 1290 1190 80
1400 - - 1940 - -
& Pirst Crack A% Ultimate
y _ TAMLE B-19
STIRRUP STRAIKS (MICRO INCHES PER INCH), BEAM BR-)
Losd Strain Gauge Location
Sagt| 3t 15 18 1-B. 2-T 2-5 2-B 28 3T 3S 3B 3
0 o o o o 0 © ©0 ©0 9 _ 0 0 o0
1 10 5 -3 10 15 o0 -3 S 10 0 -10 0
2| 0 -15 15 28 $ -10 10 X | SIS 11 0
3 38 0 <20 20 35 10 -10 10 45 20 “-38 o
4 0 13 =25 335 A3 15 10 10 30 &0 -3 (]
] 45 220 %0 335 30 10 -5 5 60 20 -5 0
s € 590 -45 35 33 70 30 3 65 63 -20 0
7 S 855 -A0 10 60 270 80 -3 75 309 110 -8
60 920 -30 20 70 360 110 -3 90 1105 420 =38
§5 1013 <25 43 75 40 135 13 100 1175 520 -~40
10 [ 65 1105 -15 15 80 480 165 100 120 1250 395 163
n 70 1210 -15 33 90 330 243 210 165 1340 633 128
12 75 1285 -10 3 115 360 365 530 - 220 2600 675 440
n $3 1320 270 10 176 775 693 720 380 5000 §30 660
e « e e e e e e e e & e -

198,



DRETACTLNY SYIPL XYNAINZ (N1CM0 1ARS YR IN), MIAY AM-A
Lend Strein Covge Lesatlea
Soye [ » . 4 [}
° . . . . .
% . 1 10 7 »
2 1 2 T » Y
) n » » » »
. » » . “ “
s .« 4 s s s
¢ 0 “w & 13 .
] 1) ) » o o
» ”* » ” o »
’ ” ” o 7 ™
1 1us 100 ”» ) ”
n 13 13 103 '] s
12 10 113 1ns ” . 1%
1 195 ) 128 1 10
" s 150 10 s 13
15 e us o 1 163
7} 400 1 130 150 1
1 ) ns 1% 190 s
") 40 M0 143 ) 00
1 300 8 us m 323
I ass 23 us m 13
11ee i% 3. 13 m 3
12 - - - - -
Titet Crack T Uitinate
IARE -2l .
JTIRRLP STRALYS (MICRO IXCRES PER Im;ﬂ -4
Lesd Strain Cawge Llesatiss
et 4T 195 18 1M 2T 28 23 2. T 38 3B
° o e o o o 8 o 6 @ o o ®
1 ¢ & & o 0 0 8 & ¢ 10 & @
? ¢ e 10 35 18 e o 5 3 10 o o
3 3 8 1 10 .13 & o 10 1 135 & @
s 0 e 15 10 20 8 6 15 135 13 -3 o
) 10 3 20 10 0 18 6° 15 5.3 -10 @
s 1 13 20 13 I3 U -3 20 28 W 10 -3
1. 10 53 133 13 W 18 -3 13 0 83 -0 -9
o 10 1035 2 13 23 30 -10 3 9 108 18 -3
* 15 133 30 20 20 385 <15 30 10 143 -10 -3
10 3 208 3 20 30 135 -1 30 20 M0 I3 -3
n 3 NS 1 BB 8 -3 e B A 13 -3
12 3 13 8 23 40 895 -13 13 13 %0 -13 -3
1 S 20 33 1% 43 95 13 13 2 820 13 -3
" 1 235 85 23 30 1600 10 46 I3 4I5S -10 -3
13 10 240 116 30 43 1050 -3 40 0 IS @ 3
" 135 236 130 30 I3 IS 8 4 0 M 1 @
Y W 0 3 30 120 10% 10 3 0 81 2w @
1] % Mo M3 10 W0 Ne e 33 3 M3 N o
1 295 83 2% 139 I8 -3 0 8 ¥ 9 3
20 3% MO 00 MO 163 140 -1 B0 40 WA 165 10
tes] 130 430 K13 4% 13 LN -20 00 48 93 N3 9
12 = e e e e =2 e e+ a e e =

¢ Tlvst Crack .
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b LN Y
! PPUSTRKTLI, EYEPS SYRAING (r07Rn eCNE rem_tm), NAN W-)
Laed farale fowge loretiea
Etage e [ 3 ] 4 []
RN | ) 1] v (] ]
‘\ 1 [ ® . ) . .
Q/ . . * -9 -3
) . . . -3 -1
) . [} [) -10 -20
[ . . ° -1 -2
1 ' [ . TR
! ° s ) -10 -1
] . 3 . -10 -30
) ® 3 . -10 -»
10 . ) . -13 -3
1ne . 10 . T -1
12 ) 13 -3 - oty
» ° 1) -3 -0 -3
1 13 % 3 -1s -43
4 13 13 » 10 -3 -3
1 » » 13 -3 -%
v “ “» 3 -3 ~%
1 83 A3 38 . -1
1 1 1) 30 . -20
2 -168 ) '™ 3 -3
n -0 180 © -3 -3
1 -1 160 ™ -3 -10
n -0 1 ” -3 30
N -200 100 2 -3 '
b1 -1%0 %0 8 -3 13
400 -2¢0 b2 ns -3 140
& First Crack T Ultimete
ARE  §-23
STIRK? STRATXS (MICRO [NCWIt PER INCH), BEAY m-3
Leod Strain Couge Lecatlom
Stage 1-7 1-3  1-» l-l’ -1 -8 2-3 2.0 >1T bt >
° e © o0 w0 & @ o & 0o o o o
T {10 ¢ 10 ¢ s & s 0 s 18 20
] 13 e 13 © 10 © 10 3 & e 13 10
) 15 s 15 e 10 e 10 10 e & 220 10
. 135 3 20 ¢ 1 6 10 10 e o 1w 16
) 0 10 20 o 1 6 15 10 e & 220 19
s 20 10 1 o0 a3 3 10 10 ¢ ¢ B U
H 9 10 2 e 13 35 9 1 6 o 3 13
-] 20 135 3 o 135 35 2 15 e ¢ »
’ 5 15 % o 220 ‘i 20 13 8 & 0 1
1 35 15 3 © m 10 2 13 e o 3 22
el 23 20 3 6 0 2 3 20 ¢ 0o 33
1 33 13 B e W 33 3 W@ 6 3 ¥ B
v 0 20 4 5 9 & 3 0 6 1 » b
" W 13 M 3 9 & M 0 ¢ ¥ B B
1 o 68 33 8 2 MS B 13 6 %0 3 20
1 76 & 6 13 3 1 10 e 103 N M
1 3 3¢ ¥ 3 13 W@ MW 16 0 1 33 220
1 30 %0 106 13 3 4 0 1 3 183 & N
19 G %0 170 33 30 &3 33 e 18 188 &
~ ¢S 90 N3 S0 1% 4 10 8 10 10 3
n 00 133 330 BeS 1330 300 00 20 % 1@ 1t 183
: 5 1430 613 1630 1478 33Y 233 60 33 10 130 8
2 135 1565 830 1100 13 318 1% MO Jo "0 10 97
2 14D 1390 1ons 1303 1840 600, I3 313 I3 e 200 1630
» 230 1570 130 JAGD 1783 833 30 638 B A0 293 1088
seee] 1690 1593 1w 1M 12 679 N3 90T %0 AY IR YoM
" Y T T A B

200.



TAMZ_a-24

PRESTRPSSING STEPL, STRAING CHICYO (CHPS PER TNCH) , RPAM [ )

Load Stratln Caugxe locat{oa
* Stage a > e d .
0 0 0 ) ° 0
1 10 10 -3 .o 10
: 10 13 -3 10 10
3 13 20 -3 10 13
4o 13 20 -3 13 13
s 13 % ° 20 4
s 10 20 s » 1%
1 ) » 25 o 223
s 2 » % 220 s
’ 2 0 a3 s 430
10 % s 3] 260 ass
1 20 50 0 20 493
1 30 0 70 293 520
13 BY) s 80 < 30 350
14 30 7 110 10 363
13 2 73 150 us s9s
16 33 83 160 360 610
1 s 85 173 380 50
18 100 270 a20 a10 583
19 s 460 s8s 5% 60
2040 130 420 380 793 33
* Ficrst Crack ** Jlcinate
TaRLE 323
STIRRUP STRAIXS (MICRO INCHES PER IWCH), BPAM Bu-6
Load Strain Cauge Locatioa
Stagé | 1+ j.s 1-B 1-M 2-T 2-§ 2-B 2-N 3T 3-S5 3B 13-
0 o © o o0 ‘o6 o o o6 o o o o
1 0 20 10 S 0 15 3 10 -10 185 O
2 ° s 23 10 s 6 20 10 10 -10 20 0
3 b -10 100 3 230 S o0 30 2 15 -20 30 0
| <20 20 38 225 110 o 35 SO 20 20 35 10
s | -5 150 35 333 s 220 33 MmO 25 33 40 13
6 | -15 280 40 395 S 605 43 120 60 30 43 13
1| <xs €3 so s0 10 740 350 125 S 140 S 10
s | -15 820 60 620 13 955 60 120 730 185 65 O
o | <25 900 720 730 15 1090 65 120 805 225 70 O
10 | <15 940 80 865 15 1150 70 120 80 263 80 O
1 | <15 %0 90 930 20 1200 75 125 880 315 8 O
12 | -1 99 100 950 20 1255 30 130 905 440 85 0
13 10 1010 115 1015 20 1300 90 143 930 430 90 -3
14 30 1055 140 1080 - 30 1353 105 225 %5 540 108 -3
15 | s10 1045 205 1043 95 1230 150 20 970 570 110 -10
26 | 720 1080 305 1175 103 1293 . 470 1190 995 625 113 3
17 | 790 1050 350 1220 125 1350 680 1205 1010 670 110 20
18 | 80 1105 390 1190 8235 1370 1010 1310 1035~ 90 120 783
19 | 815 1150 570 13150 1010 1740 1295 1330 1180 780 135 1030
200 1120 1050 970 1420 1140 1735 1300 1460 1373 823 .400 1030

* First Crack *4 Yleimate

201.



TAME_B-26

PRESTRPASING STPZL STHAING (NICRO 1NCHES PYR_(1ZH), BPAM B1S-2a

Load Steala CGauge Locatiom
stage s » e P .
0 0 ° ° ° 0
1 40 3 2 % b1
1 43 ‘w0 4 0 50
3 s 5o 0 0 70
4 12} ‘70 78 s0 ”»
[ 5 80 ”. 1} 123
¢ 100 ‘93 120 '} 180
1 120 13 140 13 130
s 133 13 160 %0 320
’ 153 150 190 110 300
10 2% 220 260 180 1210
1 170 240 350 ns 1610
12 330 260 0 270 2010
13 393 320 ns 0 2490
1" $30 523 1280 610 3220
15 60 _ 670 15%0 0 3650
16 11} 950 1918 180 4190
17 980 1278 2180 630 4990
1 \1130 1330 - - s770
19 1300 1780 - - -
) 20 1450 2030 - - -
: 2100 1390 . 2230 - - -
Ficst Crack 48 Uleicate
TABLE _B-27
STIRRUP STRAINS (MICRO INCHES PER l.‘%ﬂ), BTAM B1S-2a
Losd’ s.:nia Gauge Locatioa
stage | 1 ¢+ 15 10 1M 2-T 2-S 2-3 2-¥ 3T 3-8 33 N
[ 0 0 ° [ o 0 0 0 0 0 ° °
1 10 o 10 10 10 s o0 s 10 10 o 10
2 10 0 o 10 10 [ 0 s 10 s -5 s
3 10 0. 0 10 10 0 -3 s 10 110 -3 s|.
4 t0 0 o 10 13 o -5 . 5 20 110 -3 s
s 15 0 o 10 1S o -3 s 20 s -8 s.J
¢ s 0 o 10 ' o0 -3 5 3 .10 10 3
7 20 [ 0 10 220 o -5 10 4 10 3 s
8 20 0 o 16 20 o0 -3 s 30 10 6 s
’ 20 0 o 10 23 ¢ -5 s % 110 715 1
10 3 -3 20 10 30 0 -3 0 -% -10 80 210
1 % -3 4 15 3 X 0 -10 -413 13 . 83 30O
12 30 -10 335 15 40 143 10 =30 -500 100 110 430°
13 33 -10 80 13 40 220 10 -60 -535 170 150 530
14 & -15° 135 20 & 260 10 -80 =350 180 20 4%
13 0 -20 190 25 40 260 10 <28 =330 170 240 470
16 40 -30 270 &5 A3 290 18 -73 -350 170 290 470
Y] 45 -30 330 60 30 300 15 -3 =500 170 320 480
1 A4S 40 300 85 S0 320 20 13 -4%0 190 30 3%
19 A3 40 A0 160 50 20 20 -80 -133 1%0 30 3%
20 S0 -30 430 210, S0 370 20 -3 -320 1%0  4l0 60},
q1ee| 30 -S0 A0 ‘230 30 453 20 -l0 -600 ldo 433 370
s First Crack. o VUltinate
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IANME 9-20

/\

TRESTRETSIZ WK, STRASK (LR UTHES PPR_DWH), KVAN RIS-2%

Lond Strain \Q{n:u location
Stage N N \g . .
. ° 0 0 o ° °
] 2] 2 13 25 3
2 40 40 40 Y 4
) 50 50 3 73 60
‘ T s 70 80 0
s 00 % %0l 100 100
3 ” ” i10 128 1
7 i 130 110 133 140 175
8 / 125 113 “133 160 220
’ 143 143 s 183 %00
10 183 193 273 s 170
1 220 2¢3 - 643 1093 1360
12 253 420 1000 1580 188
1y A28 s 1270 2040 2143
14 7% 1170 1690 2740 0
13 940 1380 1930 3130 -
16 1070 1560 2130 3600 -
Y 1203 1793 2388 3770 -
18 1340 2020 270 - -
1944 - - 3380 - -
* Firsct Crack 4% Ultimate
IABLE 3-29
STIRRIP STRAINS (MICRO INCHES PER IXCH), BFAM BlS-1
Load Strain Gauge Locatiow
SCAB® | 1T 18 1B 1N 2T 25 2-B 2K ' 3-8 3B 3m
0 ° [ 0 ° ° ° ° ° 0 ° °
1 s ° o ° s 10 0 o s s [ 0
: s 0o -5 s 10 o -5 s 10 0 -5 0
3 10 0o -5 5 15 o -3 s 10 e -3 ]
4 10...0 -3 s 13 o -10 s 15 o -10 0
s 10 o -3 S 20 o -0 s 20 o -10 °
6 13 0 -10 5 20 o -0 s .20 o -3 [
7 13 0 -10 3 25 0 -18 $ 23 .3 10 10
| 0o -10 s o -1 5 s 20 10
’ 20 0 -10 5 3 o -13 S 3 10 3 13
10 23 -5 -0 5 3 13 18 5 335 65 40 6
11 23 ° 0 10 30 -0 -23 33 2 2% 35 28
12 0 S 10 10 30 -3 -0 65 90 213 105 NS
13 33 10 15 10 335 80 -0 75 113 200 200 243
1 |3 s 15T o0 e -0 -3 75 170 - 180 360 298
13 0 20 18 0 70 <%0 -3% 75 220 170 470 320
16 40 0 25 0 70 - <35 75 260 170 330 NS
17 & 25 43 0 73 <95 -0 70 S 170 365 M
18 A3 120 30 0O 80 -9 <30 65 463 133 630 380
1902 - - - - - - - - - - - -
& First Crack % Ultimate v

203,



TABLE B-30

PRESTRESSING CTEPL STRAINS (MICPD TreHrs PYR_IICR), RPAM B1S-4a

Load Strain Caugs locatiom
Stage . b < 4 [}
° ° ° ° °
1 10 [ 10 0 "o
2 20 13 20 10 13
3 2 13 » 20. P1]
s 3 3 a3 % 40
s 40 4“0 s 3 a3
' 4 " © 4 ss .
7 30 s 70 %0 1
s ss @ 7 33 10
’ ' 1) '\ 1 0
10 70 78 ” 3 ”
1n ) 0 105 0 103
1* ® ” 113 9 s
1) % 100 123 T8 143
14 100 10 135 108 220
18 110 1ns 168 110 263
16 120 123 193 120 300
Y] 123 133 ns 1128 318
13" - - - - -
% Firet Crack «t Ulcimete
TASLE_ 3-31
STIRRUP STRAINS (MICRO_INCHES PER INCH), BFAN BlS-4s
Load Strain Cauge Location
Stage [ 17 13 1-3 1M 2T 25 2-3 2K 3T 3-8 33 38
o o o o © © o o o o o o O
1 s o o 3 1 o o odo 5 0o 10
&2 s o o s 10 o o o 5 s 9
3 s o s s 13 -5 o o 8 s o 10
4 s -5 s 3 18 o o O 10 3 o 19
s s -3 s s 13 o 0o o0 1 [ o 1
s s -5 10 10 0 10 s 5 15 10 o 13
7 s -s 10 10 20 @ S 3 1 10 0 1
e s o 10 10 20 15 10 3 1 13 s 1
) s s 15 10 20 23 23 < 181 s 13
10 s 100 18 33 33 3 0 30 10 20
n s 15 13 W 3 220 3 20 22
120 s 13 20 a3 3 20 &5 P 20
13 s 33 22 0 5 .20 A 33 20
1 35 &0 0 35 25 B uo 3
13 s & 28 06 5.3 220 138
pU s. 0 23 %0 o 2 0 150 100
17 s 100 20 s -3 213 =10 170 113
tpee| - - - I

* First Crack
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TARLE 2-32
”'S"ﬁl;‘m sTrrl. Smlll_.‘_i_@ilfm llﬁllMY.LlE:_llL_l_’A): B S-4
R Stealn Gauge location
n‘::‘ a » e [] .
[ 0 ° o ° °
1 s % 23 13 20
2 10 40 b 1] 23 13
) 10 s0 so 18 s0
4 13 %0 1] A 1
s 20 75 20 ') 1)
¢ 20 20 »” 7 103
7 23 9 105 83 13
s 18 108 118 100 128
9 30 110 123 110 138
10 33 120 133 123 160
u a0 138 143 140 120
1 a3 150 138 145 a1s
1 43 170 170 153 623
n s 1% 180 170 760
15 70 208 190 185 sas
16 . 225 208 n0 1120
17 100 243 260 233 1330
u us 55 11) 430 1510
1) 133 © 280 110 73 1740
20 180 350 1280 1175 1930
&*‘l‘./? - N ." - -
* Firet Crack *t Ultimate
TABLE  3-33
STIXRUP STRAINS (MICRO IXCHES PER _I_E!Z. BEAM B13-4b
!:”‘ B Strain Gauge Location v
SAS0 | 3 v 1~ 1-B 1-N 2-T 2-8 -2-B 2-M 3T 3-8 3B 1IN
o o o © o © © o0 ©0 o 0 o o
1 O o0 o o o o o o6 11 o -3 o
- 2 o o s o o0 o6 0 o 10 0 -0 s
3 N | s o s 6 o o 13 0o 13 10
4 o 10 s ‘o o -3 s s 2 e -20 13
s 0o 20 10 o o -3 5 3 2 s <30 20
¢ 1-5 % 100 s "0 -0 5 10 20 20 -3 230
] -3 18 10 S ¢ -10 10 15 3 20 -35 33
8 |-s 40 10 10 o -100 100 20 33 30 -3 A
ool -3 4s. 135 10 o -10 10 20 4 30 -23 &
10 [ -3 335 15 10 o0 -10 10 3 40 40 5 %0
1 -5 € 20 106 0 =3. 10 35 45 43 60 3
12 ‘e s 20 15 O S 210 5 s 20 28 30
13¢ o % 20 20 0 15 10 60 33 0o 45 3
' 1 O 108 20 235 -3 40 10 70 60 13 343 %
15 0 1235 20 3 -3 3% 3 80 60 -3 0 X2
36 O 165 15 40 <10 75 10 95 70 =13 0 38
17 0 210 15 43 13 90 10 110 I3 A3 %08 30
Ty 0 200 10 35: -15 - 35 100 195 83 <43 1060 ¢
- 19 0 233 10 6 13 &5 2130 293 100 -13 1180 75
20 3 133 13 75 10 100 470 400 110 13- 1380 83
nefl o - - = - - - - - - e -
% Fireg Ctack *4 Ultimate
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TAME_ 8-

PRRSTRESSIMG STXL STRAINS (NICRO INGHES PER_IININ), APAN BIS-8g
Load Straln Caugxe location
Staxe a 1] e L °

° 0 .0 ° 0 °

1 ° ° 0 ° °

? s ° s -3 3

3 s ° s -3 3

3 10 ° 10 -3 s

s " 10 ] 10 -3 1

] 10 ] 10 -3 0

? 15 s 10 -3 s |

] L] 10 10 -3 ° N

’ 20 10 13 R ) s N
10 20 13 20 0 S S
1 20 20 20 0 s

12 20 20 . 20 ° s

130 20 20 Pt [] 10

14 23 23 28 13 10

13 25 23 20 20 10

16 30 23 13 s0 10

1 . % 23 20 160 10

1842 -3 -10 180 238 150

19 -13 -30 ~170 ~2340 -340

20 410 -20 1263 ~1330 - -933

© & Pirst Cracl &4 Ulrinate
TABLE 3-33
STIRRUP STRAIXS (MICRO INCHES PER INCR), BEAM B1S-6a . ' S0
rosd Strain Cauge Locatiow’

Stage | ; + 3§ 1-B 1-¥ 2-T 2-5 2-B 2§ 3T 3-8 33 12-m|
[ o 0 0 0 ) [ I 0 [} 0 0 0
1 ©o o o o o o o o0 o o o o
2 s o o o s o s o s o 5 -8
3 $ o0 3 -5 S 6 s -5 10 -5 s <3
A s 0 s -3 5 0 10 -3 10 -3 s 0]

-3 $ 0 120 -5 S 5 10°-5 13 -3 10 O
s 5’ o0 10 -5°35 s 15 -5 2 -5 S O
7 s o0 15 -5 s 3 1 o 2 -5 10 5
s -~ 0 135 100 5 1 2 3 23°-3 10 3
’ [} 0 20 15 3 15 20 10 » O 3 10

‘10 S s 220 3 S 35 20 110 33 110 10 10

1 0 5 20 3% S 45 25 15 33 10 10 13
12 0 10 20 s o 70 25 20 40 13 10 13
1)e 0 10 20 10 6 1S 25 30 & 15 10 20
14 6 15 20 100 O 200 23 35 40 20 -10
13 0 15 20 10 -10 270 20 40 A4S 23 10 3
6 | -5 13 t 13 400 10 33 4 30 10
17 | <107 15 15 20 -20 €10 10 20 4 30 10 38
180 ] <15 -3 - 350 -10 4485 S 303 460 d40. O 3%
19 80 -10 - %0 100 4070 203 180 - 10 <10 1280
2 0 o = e 12 230 4510 - o -0 260

First Crack A% Yltiasce

>
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AN B34

2.3

PYRSTRESIING SVPFL ETRAINT (MICIA (it PYR JWW)

. Aﬁ ...,‘ = -

2232228 RRRRNARIIRILXRRFLTIIIEL L xjece uuunwnuuuuunummumummnmummwm

_ eeccccecczmanananztzngaags gy
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SR -

i

TABLE _8-38

PRESTRESSING STEEL STRAING (MICED INCHES PYR_IIH), BYAM CS-1

Load Strate vc.un Location -
Stage ] | c [] e
- -
[ [ 0 0 o (]
1 4 50 so -3 -30
2 (7] 100 100 -113, -123
3 133 - 150 160 -183 -19%
4 s 220 228 -233 -270
s 270 280 280 -313 -338
3 340 360 383 ~385 -410
] 460 463 480 40 470
' 565 333 575 -4a3 -528
’ 673 84S 63 -530 ~570
10 303 778 810 ~370 -615
11 940 910 230 ~610 -670 .
12 1085 1088 1078 -650 ~720
13 123 1210 1228 708 -773
14 1370 1358 1360 -8 -828
13 1490 1560 1330 -795 -893
16 1560 1803 1250 -850 960
17 1480 2050 11%0 -903 ~103$
18 1520 2200 1038 -990 ~1163
194 - 3100 - - - j
* First Crack *% Ultinate
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' / ‘
PRESTNESSING STEEL STRALNMG (MICKD INCHES PPR_TNCI), BVAM C3-3

JAME -5

Stratn Csuge Location
A

Losd
) Stage . R ¢ 4 .
0 ° ° ° ° °
1 3 3 40 40 40
2 70 73 80 1) 20
3 108 120 120 130 120
4 140 160 163 180 193
[ 170 190 193 a0 228
¢ 183 210 20 238 25
? 200 238 s 263 300
s 120 235 263 300 - 330
9 240 280 2% 40 400
10 263 ns 333 398 s03
1n 293 358 a3’ 470 (1)
12 340 420 500 " 610 (31
13 400 500 633 s 12U
14 Ad0 383 780 1028 3400
18 490 " 700 1000 1233 -
16 $50 11 1200 1450 -
ar 6% 1020 1408 1673 -
18 750 1240 1633 1510 -
19 820 1360 1720 1898 -
2044 - -~ - - -
* First Crack 4% Ulrimate
TARLE NO
S‘Hllﬁ? STRAINS (MICRO INCHES PER INCR), BEZAM CS-2
losd | Stratn Cauge Locacion
Seage| | ;s 1-B 1-¥ 2-T 25 2-B 2-K 3T 3-8 3B 3N
[ 0 0 0 0 o o 0 [} [} ] [} 0
1 28 o o 3 s s e o 1 o0 -0 ©
2 ] o -10 S 15 10 -10 § 18 o -19 o
3 43 0 -18 5 20 10 -15 s . &0 s -20 S
s 50 o -20 S 30 13 -28 s s S -» o0
s ss 0 -20 5 35 15 =30 3 60 3 -4 0
3 6 0 -23 10 40 13 -0 s e o 40 o
? 60 - 0 -25 10 4 15 -0 3 0 0 -45 O
' 6 0 -3 10 45 15 -3 s 13 0 45 -8
o 60 o0 -23 10 30 15 -3 0o 85 -3 -30 -10
10 760 o0 -3 10 35 13 -3 0 95 -15 -0 -10
1 70 -8 <30 10 60 10 20 10 100 40/ -20 -23
12 75 -10- -2 3 6 3 35 3° 10 65 13 -40
n 85 -13 -10 - 5 S0 -3 10 10 123 -0 73 -7
14 85 -20 20 0 75 -13 - 150 10 135 -100 115 -83
18 90 -25 'SS =3 1% -20 220 15 130 -100 170 -103
18 95 -335 90 -10 B30 <20 290 30 153 -85 220 ~120
17 100 -40 135 -13 83 =20 313 65 180 80 273 128
18 I4S =50 208 -23 %0 0 40 125 238 -9 3%0 -0
19 100 -50 255 =30 95 110 333 {55 340 -90 330 43
00 -« - - - e ® = e e, = e =

First Crack

T Tt imate

209,
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’ . TAnE B4
E".-'-_'."!:‘.‘_'!"..?._".’-.5".'.".'.".“..‘:‘.'2".1'.’3';'.5._'."_'.".-'_")4.'.’!!_":.*:.!
gt
Lond " sirata Canpe Location .
Sage . » . R Y S
I e e e ey O g et
- 1 » » » " “
2 » ”» » ”» 13
3 ” ne we o 10 108
4 1 118 13 ‘150 203
s 1w e Ty s ne ~
. 16 183 1% ne e
? s 208 ue 3 203
| e 1% £3 ) M 20 s
’ ns 3 260 10 a1y
100 m 0 3 "0 s
" . T3 310 as us 1%
12 ns 33 %0 430 s
13 200 0 s 31} 20
1 e - a0 al0 0 138
15 Mo ass st s 1300
% 20 (723 s 1088 1433
1Y) 30 s s 1245 110
" 400 Y 1025 1400 e -
1 as 1050 1143 1520 19%
2 43 1230 1170 1650 -nre
n . s 1%0 uss 10 313
n 70 1488 1600 1970 10
» 1070 1335 1680 2070 %73
n 1150 1638 1760 nrs 183
) 2500 - - - 2050
Y Tat Crack 3T UlcInate —
TANLE B4
¢
STIRRUP -STRAIXS (MICRO I'CHES PEX_INCM), BEAM c3-3
—N
Losd Strain Cauge Location A
Seag®| ;¥ 13 19 1-¥ 2-T 28 23 2= 3T 33 I8 »t
B I Ea e e ey e T S e 2l
1 s s e 3 100 s e 5 13 0 -3 3
2 13 s 6. 10 20 3 -0 3 W 0 -3 !
[ 3 2 o e 10 3 10 -10 10 & o -3
«} 13 o @ 10 » 10 -5 10 3 -3 -0 §
s % o & 1 3 10 -135 10 33 -0 -3 ¥
¢ 36 0 o0 15 4 110 -20 10 6 -0 -35 \
? » ° O 15 4 I3 <20 10 20 -l10 -40 ]
s1 33 o e 135 s 15 -2 1 0 -10 40
’ 335 o 16 15 33 15. - 3 %0 -lo 43 ~3
o] 33 o 2 15 ' % -23 o0 1000 -15 -3 ~N
“n 9 8 60 135 6 0 13- 0 105 .15 -6 ~A
12 w 10 8 135 10 B e -3 us -3 -0 ~Mf
1 0 10 M0 13 70 i 20 -13 10 -0 ~a ~R
7} s 1o 1 15 5 3 3 -0 13 -85 -8 ~N
13 & 10 155 15 75 1 6 -0 13 -3 a3 ~N
t 45 10 M3 13 70 15 100 -3 130 -5 s ~M
n 35 0 2% 20 6 1 us o 133 -0 13 KA
T 8 -3 15 W 5 u3_ 10 3 Ba - ne BN
i @ <18 20 60 & w0 20 108 0, -0 133 BA
19 3 -10 M3 100 10 a5 A3 3 1 -3 a0 AN
n 35 <10 25 143 %0 215 ses &3 40 10 s N
tH 23 -13 M3 20 11 M6 o %0 30 0 03 1M
P 15 -3 3 310 10 40 a0 120 383 38 24 1%
n 15 ~40 3 340 160 1060 3 143 323 A3 e Ll
. S Yires Crach ¢ Vitinate
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TAMIRZ 8-4)

PREIRESI YRR STIAUS (SR VTNRS PTN_UEN), MM €34

Lead Stratn Cavexe loacation
Stamr . N ¢ 4 .
K . . . . .
1 -1 -13 -13 -2 -2
2 -1 -3 -3 -0 40
b} -3 AL -50 40 -4
4 -40 -33 -4 -20 -8
3 -30 -0 - -108 -11%
' -10 -85 -1 -t2s ~140
b -%0 -10% -120 ~143 -163
s ~108 -113 -1 -160 -100
) -110 ~123 -133 -170 «190
10 -120 -140 ~183 180 -203
n ~130 -160 -138 -1%0 -3 -
12¢ -140 -173 -163 ~200 -130
13 -130 ~200 -173 -13 ~243
14 -163 s -183 -238 -233
1 ~130 -230 -200 -0 -170
T3 -190 -3 -0 -130 -0
4 o 10 -230 -220 ~260 -300
1 -210 -260 ~230 -170 -318
19 -as ~263 ~240 -283 ~130
20 -230 -180 -28% =300 ~350
n -280 <340 -300 ~130 73
n -3 28 =363 -380 ~420
130y )
* Tirst Crack 46 picirate
TABLE _3-48
STIRRUP STRAIXS (MICRO TIXCHIS PFR INCR), BFAX C$-4
Lon‘d Stratas Cauge Llocatiem
Stagel 1t 45 1-3 1N 2T 33 2B 23 3T IS 3B 3-8
° ¢ o o o o ©°o o o o o & ¢
1 6 06 o -9 o e o0 o o & o o
2 e o © o © o o e 10 o e 0
3 e o ¢ @ .06 o © e 13 [ T )
s e ¢ o 3 3 e & 0 220 8 -10 -5
3 6 0 o 3 3 o6 o 3 23 10 -0 -3
3 10 s o0 10 18 S o6 5 3 10 -10 -3
? .15 10 o 13 10 13 0 10 4 20 -0 -3
s 13 10 o0 20 18 20 6 10 4 I35 -3 -3
’ 3 2 0 1 10 13 0 15 % 4% 3 -0
10 9 ¢ o0 23 10 Y o6 15 30 S0 13 -0
n 50 35 0 0 16 J o 15 33 6 30 -1
30 0 70 -3 3 10 33 ©0 220 ¢ & 43 -0
1 103 8 -3 6 10 W 3 10 & 1 6 -0
18 10 100 -3 30 10 4 S 0 8 13 0 -0
13 1M 113 .10 S35 18 0 3 20 € 13 I3 -0
1" 135 140 -10 65 15 @ S 23 70 150 8 -1
12 [0 a0 s 33 a3 e 10 3 e 245 I3 -
1 170 200 -2 83 13 s 3 B e 13 99 -
19 193 220 -0 100 0 I3 10 30 5 1% 10 X
20} %0 20 - o 23 % 15 33 & W N3 -
2 | 0 235 3 e 13 9 13 38 65 13 B3 -
22 | 30 2 s ma .3 0 10 20 0 153 M0 -8
2300 - - - - ‘- - - - - - - -
& ¥irst Crack ¢ ¥itlaste ! 4
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w'r

ALK 943
PPESTREZS I STYCL SYRAUNS (41000 (:XNRT PR SNOH) , RFAN
Leot Strain Cougs lacative
Stage a > ¢ I} .
’ . . . N .
% -3 -3 -9 -10 «10
2 -13 -10 -13 -20 -1
’ » 2 20 ”» %0
) 1% S » 50
s 10 e .0 1 33
¢ 10 13 ”» s n
] e 1% 18 Y .
. 3 10 163 1Y 1
] 1% 233 200 100 ‘00
1. 33 100 123 ‘s ”
n 0 300 30 1% 100
120 400 3 no 143 108
1 31 M8 - 300 173 123
n s ne 1 220 150
13 zs A » 1m0 1%
16 . 363 4“3 s - M0 ns
1 390 320 503 ao 193
13 400 360 330 a3 3%
13 490 593 380 s1e 383
10 20 ' 600 390 333 10
n -243 413 -433 -3 43
1200 ~160 -2 <808 . -383 -7
T First Crack & Clrimate
7Y T 98 T
g!m STRAINS (MICRO IXCHES PER INCH), BEAM C’-!
Load Steata c.-g'n Location
Stage | 10 16 13 1% 2.1 2.5 2.3 2% 3T 35 > M
° o o 8 o o o o & a8 o O
1 ‘s 6 % -3 9 3 -3 -3 3 e & 0O
? o 10 10 -1 o 10 -10 -16 W & -5 3
3 0 15 10 -10 o 10 -8 -100 3 o -10 3
3 o 0 15 -18 s 15 -13 10 13 o -10 s
s e 23 13 -135 10 15 -1 -3 313 @ -8 3
't 0 15 13 -135 1o 15 .20 -3 08 -l 3
7 @ 40 13 15 10 13 -1 -3 20 3 -10 3
s O 80 13 -0 10 0 -0 -3 20 10 -0 10
’ o 3 10 -2 15 20 -20 e 13 10 -10 13
10 | 10 e 20 -2 13 223 -2 s 23 135 -3
n 0 70 20 -0 15 5 -0 0 0 w0 o0 13
vy 6 3 0 -0 20 » -0 2 B N 0
1 1o 80 0 -3 0 33 -0 P & 3 o°o B
" 15 80 .10 43 13 40 <20 43 & & 0 B
13 |3 1 e 3 10 0 W s B 0 3B
1 6 80 -10 -6 18 30 -0 0 % 0 1 »
n @ 93 <13 33 10 & -20 9 S5 &8 W@ 0
18 | 125 200 280 50 30 0 -1 100 60 108 20 3B
19 ] 26 330 6 S 0 A3 10 7 120 23
£ Jo0 A0 335 1030 40 63 10 1 30 M3 - I 33
n | ew s ne st g B K0 B0 w016, s e
seliue 1800 - 180 el M3 S 0 63 T 1 8O
T Viret Crack & glttaate

212.



g 9-4)
olan fafii ATRFL STRATRY (MICRO IRHER PR IRCW), BRAM [= )
Lead Strata Cowpe Location °
Sepe s > e 4 [ ]
] ) 1 ¥ )
* Y . . . »
3 . ] [ »
) . [ [ 1
4 [ . -y »
) -3 [} -3 »
. -2 -3 P | [
? fi -3 -3 -3 [
. ’ -3 - <10 s
» 80 =30 -13 3
10 -103 -2 -A3 -3
n -1 - -3 -1
12 -149 T -3 33
n -160 -120 -3 -33
" -183 -1 =143 -4
1) = 10 L0 13
1 133 -ne -3 -3
b -293 -us -263 -1%0
» -283 -3 -293 =373
19 -290 250 -3 440
2 -310 -330 420 513
n -200 -310 -4 ~343
n -100 -3 420" -530
n » -293 -A18 -338
e n ~2%0 A% =570
13 - - - -
Ticat Crack *1 Gltinate
' p )
STIRROP STRAINS (MICRO INCHES PER Ixn), lp_!w
Lead strein Cevge locatise
$tagt ) 1+ [-5 1B 1-X 2T 3-8 3B 2-N 3T 35 3B %
) 0 = e ¢ o o ¢ &6. 06 ¢ @
140 o - ¢ o o 6 o o 8 9o
2 ¢ o - ¢ o ¢ o o ¢ o & o
3 ¢ e - s & & S e o 0 '3 0@
A -3 o - S e o 1 e o0 -35.-3 1
s |-» o - 18 6 & 10 3 §$ -0 -3 130
¢ |-35 o - 13 e ¢ 13 3 3 10 -3 10
‘7 ]-s o - 3 3 8 13 3 3 3 -3
8 [-35 -3 - 3 3 <0 13 10 10 -1 -3 19
’ @ -5 - 30 & 10 13 10 10 -3 -3 13
10 @ -3 - 0 33 19 15 10 18 -0 -3 20
u 3 <3 - 1% -6 13 15 33 13 -0 -3 2
10 [ 18 -8 - . 3 3 33 15 15 -N -3 N
1 10 .10 - 150 100 -20 30 I3 30 -3 -1¢ 13
n $ 13 - 30 113 220 320 30 13 -2 -8 N
1 0 -1 - M3 153 20 20 33 ) B -0 W
16 [ -1 335 ~ 30 13 -3 W B N 43 -0 B
1 -0 50 - 390 23 -3 0 B I3 -% -10
1] @ 40 - 60 30 43 13 I3 13 43 -3 W
19 20 70 - 60 M3 -0 .3 3 %0 4 N N
2 |10 243 - M N3 & 13 6 10 M B W
21 Jiose 200 - 03 s0s o0 -0 0 13 <103 -1 313
22 lizr0 1063 - 1060 1033 <100 40 M8 183 <113 43 . 168
2 |10 1190 - 1220 126 43 220 433 20 12y =33 2N
Hea [ 1AW 3493 -~ MA) 1290 - 213 540 1140 3 -1M - 10

® Fleat Crech

s4¥itinete
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PrESTRESSING STRRL. STRATNG (M

TARLY_8-49

Load Strata CGauge Locstion
Stage s » [ 4 e
0 0 (] 0 0 D
1 43 50 50 -60 <33
2 .10 110 113 -140 -12%
) 163 175 183 -21% -208
4 200 220 m 218 -260
S 230 270 280 =330 -3
¢ 280 310 ns -370 -350
7 ns 343 350 -41% -390
8 333 3% 190 433 -430
] 400 450 430 -51% -480
10 (Y4 533 845 -565 -330
11 570 623 §40 420 ~-380
12 715 765 803 -680 433
13 878 933 980 ~748 ~690
14 1055 1083 1160 -800 -730
15 1240 1273 1385 865 -78%
16 1423 1463 1620 -920 -830
17 1625 1660 1798 -990 _ -8%0
18 1830 1900 1855 -1050 -950
19 2040 2240 19100 !  ~1200 -1003
20 2148 2645 1910 -1150 -108%
21 2175 2520 1930 ~1170 ~1063
22 . 2200 .. 2440 1933 -120% ~1080
2348 2280 2460 1970 -1240 -1130
& Pirst Crack % Ultimate
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TANL.E. R-30

PRECTRRSAING STAVL STPALIC (QICPD LIVHES PER INCH) . APAR CH-2

Load Straln Cauge Location
Stage [ » € 4 ) [
0 ° ° 0 0 °
) % 20 %0 7 7
2 'Y 70 % 100 1ns
3 103 1s 145 160 190
. 130 160 208 225 80
[ 173 1%0 243 263 340
o 193 23 270 310 400
’ 220 260 30 130 4%
s 240 268 333 ar3 610
’ 263 295 318 563 780
10 %0 no 583 70 1010
1 s 335 830 930 1210
1 33 363 1143 1200 1423
13 460 405 1300 1430 1618
® no s1s 1460 1665 1890
13 850 740 1640 1913 260
16 973 1183 1825 2160 2440
It 1150 1363 2033 2450 2718
) 1270 . 1520 2250 718 3028
1 1335 1620 2355 2880 3180
20%% 1430 1700 - 2450 . 3025 3320
* First Crack '\“ Ultinsate
‘ TARLE 351
STIXRUP STRAINS (MICRO INCRES PSR INCH), BEAM CR-2
Load Strain Gauge Location
stage [ "0 s 13 1-w 2-T 2-§ 2-B 2-§ 3T 3-5 33 3%
5 o6 o0 o6 o o & o o 0a O
1 o o o o0 1 1 o o 110 o o 0
2 s o0 -10 10 20 15 -10 10 33 0 -13 0
3 15 s -0 g0 3 20 -15 15 30 0 -3 O
4 2 15 -2 10 33 25 -3 15 60 0 -4 -3
H 23 30 -3 15 40 35 -5 15 6 -3 -60 -1
e | 30 35 -3 13 45 s -2 13 70 -3 -6 -
7 35 45 -335 15 50 45 - 15 75 -3 -70 -2
s 0 S0 -40 15 S3 30 -3 15 & B -3 -8
’ 43 65 -40 15 60 6 o0 15 9 123 5 0
10 0 70 -45 20 6 70 133 -20 10 220 110 1S
1 ¢ 80 -50 20 70 70 205 25 115 310 1 20
12 53 95 43 25 80 s 413 20 140 433 233 &0
13 ¢ 105 -10 235 %0 60 605 20 135 515 20 80
14 70 105 170 15 105 %0 00 20 178 600 13 95
13 73 10 285 15 113 115 803 30 200- 680 333 95
16 85 105 380 30 135 275 410 A3 240 760 395 83
17 95 105 475 A0 150 370 955 60 280 893 433 &5
18 |10 100 sro 50 165 435 1025 80 300 983 . 470 40
19 |us 100 600 60 180 300 1065 90 323 1030 500 83
200t 120 23 625 70 190 550 1080 100 325 1050 500 83
Firet Crack 4% Uleimate
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e STRAL 1enn o=
. Lood Strala Cauge lecotion
Srage 'Y » e 4 °
¥ ] T ) ) ]
3 » » Y - » s
2 » ” ” ” 158
3 ”» 100 1 m 190
4 ue e 18 1 m
[} s 13 T 1 £ )
. us 1 ne 7Y e
? 193 1 » 208 ° s
» 10 200 ne m "
] e m s ny as
1 1 M3 s m [
n ne ne s ae ns
n n m »e . 9
3 ns ne s m 1"
" ne e 1030 1100 ur
1 3”0 7] 190 1410 1320
73 . a0 1043 128 1433 1303
Y] ass 1150 1483 118 1143
1 ars 143 1410 10 1630
1 e 140 1730 20% 1640
» 350 1440 1850 nso 1740
n %0 1560 1943 s 1923
n 620 1853 ms u71s n6e
2308 - - - 1700 -
& Fizrse Ceack X Ucimmta
. STTRRTP STRATYS (NTCRO IXCRES PER_INCH), SPAY CR-3
Jioat Strain Cauge lecation
Seagel Ly j.s 3-8 1-W 2T 2-5 1-B 28 3t 3-8 3-8 3R
° ¢ © o0 @& ® 8 o ©°o s e o o0
1 10 6 ¢ B I8 0 -9 3 B 19 -0 @
2 0 o -10 1 B 13 13 5 W 10 20 O
3 13 e -0 10 13 20 -0 3 4 10 -0 ¢
-~ 8 0 8 -5 16 N 20 -3 3 30 13 40 ¢
s 0 35 -0 18 3 3 -0 10 33 13 30 ¢
. 4 3 < 10 40 30 -3 10 6 15 40 0
? 0 10 -3 10 45 33 -3 10 ¢ 20 40 ¢
o] 0 15 -3 1 3 & -3 10 I3 W 43 O
9] 38 120 40 1 30 30 40 18 W W0 -3 -3
10 6 S0 40 10 33 30 48 10 %0 1% -} -3
n €3 120 43 30 60 33 40 10 100 300 -8 =~
22] 75 100 43 10 & 0 40 20 120 30 O
L) 0 200 -0 10 80 3% -0 Mo 60 830 1%
n 83 70 & 8 1035 710 30 160 170 188 W3 338
33 | 100 92 510 10 123 ave €13 ;3 203 sse 010 838
16 | 110 11 670 30 143 ms 830 390 150 %O 1080 843
12 ] 120 1320 75 70 170 1030 93 ass 3m  9e 1000 243
38 | 133 100 - 860 103 1% 1043 109 340 333 1633 1120 83
10 | 240 180 #3133 200 1103 1163 610 363 1073 1160 83
20 [~150 1580 %3 180 213 1130 1233 &r5 413 10% 1203 a8
2t | 10 1600 1020 20 2% 1133 3§20 123 A28 josd 133 90O
22 | 150 1020 1070 234 243 11w 1373 I7e 333 107€ 1483 918
2300 -_ - - - - e " - - - - - -
S Fisat Crach o* gitiabte



TARIE_ B-S4

PRESTREGS ING STERL. STRATNG (MIGRO INCHES PIR_IMCH), MPAM cH-4

&)
Strala  Cauge locatioa

Load
Seage N [ 3 c d [
° - 0 ) 0 °
1 - -3 -20 -30 20
2 - -30 -3 -33 10
3 - 40 -40 -0 -3
s - -33 33 -1% -3
s - -10 -3 -1% "33
3 - -80 -0 -153 %0
] - -85 -93 RV -0
[ - -93 -110 -180 =10
’ - -110 -130 -1%0 -33
10 - -120 -140 -200 -30
1 - -125 -13% -208 -40
1 - -120 -130 -208 -30
13 - -108 -110 ~200 3
14 - -3 -105 -208 1]
1300 - 20 -23 -210 s
& First Crack 4 Ultimace y
TARLE _3-33 ,
STIRRUP STRAINS (MICRO INCHES PER INCH), BEAM CH-&
Load Stn‘h Gauge Location
Seap | 11 15 13 1 2T -5 2-B 28 3T S 3B N
0 o o o o o © o o0 o o o o
1 s s o o0 o0 1 © o S 5 0 10
2 0 196 o o0 5 15 10 o 3 10 o 10
3 15 15 <10 O 10 25 -16 O 0 13 0 “my
s 23 35 -18 0 15 40 -3 0 110 W -5 10
s+ | 30 s0 -2 o0 "2 8 -25 0 10 160 -5 10
s 3 85 -0 0 I3 M3 33 0 15 35 -20 10
7 55 13 40 0 #06 40 0 20 430 -20 10
s 6 185 50 O 35 340 45 0 20 60 -3 10
’ 75 260 =33 O A0 490 43 0 20 10 -20 23
10 8 315 55 0 40 600 -43 0 25 760 15 60
1n o5 150 -85 0 43 €735 <35 O I3 a5 -23 110
12 {110 365 43 3 S0 7130 -3 0 30 &5 -3 210
13 1285 400 25 10 S0 830 -3 0 40 90 -0 30
1 |13 40 s0 90 75 w078 45 0 70 93 7O 380
15¢o| 630 510 1SS 605 170 1175 170 43 483 1030 210 725
s Dicimate

% First Crack

217.
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* Flest Crack

TABRLE_B-3%6
PAPSTRISSIHG STENL STRAING (SICRO_[NCUPS PPR_INCH), BYAM CM-S
u‘:’; Stealn Gauge location TN
Stage N N *‘ . \
0 0 ° 0 ° 0
1 0 ° 0 ° 10
1 -3 -3 -10 10 10
3 -9 -3 -10 20 3
T -10 -10 -15 bt -3
s -10 -10 -20 30 °
¢ -13 -13 -0 1 °
7 -2 -13 20 1 -10
s -3 -20 -3 0 -10
’ -30 -20 -23 s -10
10 -3 -15 =30 30 -20
1 -95 -40 =30 s -20
128 -135 -45 -35 0 -1
I} 500 -653 ) 3 -3
14 =320 -1% -3 0 -33
13 4 -860 480 10 -30
1" -3%0 -a73 -390 210 -20
v -3 -350 -340 ne -85
u -1%0 -540 -340 s 40
1 15 400 -310 s -0
2040 - - - - Ca
4Pirst Crack A% Ulcisate
TARLE 3-37 g
. STTRRUP STRAIKS (YICRO INCHES PER INCH), BEAM CR-3
Load Straln Gauge Locatioa
stage| 17 1.5 1-3 1-% 2T 2.8 23 2K 3-T. 3-85° 3B, 3 .
[ 0 0 o o o - 0 0 0 o o ° 0
1 o o o o o o o o o @ o 0
2 o s s o s o o o 3 6 o s
3 0 L) 5 -85 3 3 '3 o 10 10 -3 ]
4 o 10 5 -5 5 1w o o 10 15 10 0
3 o 15 10 -3- 5 10 0. 0 10 220 =10 °
6 020 10 -3 7.5 1 o o0 I 20 -0 O
7 o 33 10 o io 13 ° o o 220 20 -10 °
s o 4 10 O W w0 o0 0o 20 2 -0 0
9 s 10 10 o 10 s 0 o 15 30 -~1% [)
10 10 ‘0 1 o 10 W o 5 B I TR
u o 120 100 s 10 3% o 3 3 40 B S
120 w0 13 .10 10 10 6 -3 W 0 0 -0 S
13 ) sss s s .10 33 0 -0 193 30 s <20 10
wl es 10 5 a3 & 10 -13 205 30 s -5 13
15 | 720 230 10 a5 43 298 -20 20 6 100 -2 33
16 | s a5 33 -3 60 380 J1S 240 65 1235 =35 A3
1 | s eso 10 e s TS 33 S 109 118 -u) 0
18 | 1080 1020 100 510 S0 %0 40 383 120 113 %0 &0
1 [ 1330 130 1310 730 1403 1330 1us 338 19 ws -0 18)"
1008 - - .= - - - - - - - - -
*% Dltinate



o - Yamx 8N

PREXTAPSS (W STPPL STRAINY (N1730) 112075 TR JWCN), BFAN CH-4 '
Leed Ktrain faege lecatisn j
Seape - ) e 4 .
. ¢ . . . .
3 -3 -3 . [ »
~ ? -3 -3 ° -3 2
3 -3 -3 ‘e -3 -
4 -3 -10 [ -16 -3
s . 10 . -13 [
. . -13 -3 -13 .
7 . -20 -3 -13 1
[ s -2 -3 -20
’ " -40 -10 -20 1
100 10 -» -3 -23 20
n 10 -108 -9 -» L)
12 s -135 -50° -3 20
13 -3 -160 -0 -4 2]
" -10 193 -ies -4 »
18 -4 28 . -l48 -4 a3
18 163 -39 LI L 13
17 138 -310 -“20 . -1% s
1 -1% -330 430 4 -8 ne
19 ~120 -333 . ~430 -193% ns
20 1520 -A70 -430 -0 23
n 1920 40 4% -233 30
2200 w0 . 438 | Al -258 730
3 T 1930 -10 - A28 -310 ”
& Tirst Crack 4% Ulitmats
. zame 3-39
. $YLRRUP STRALYS (MICRO ISCIES PRY DNCW), BPAN CR-4
Lead ) - ,- Strain Cawge Locatice
Stage| ;¢ -5 1B 12 2T 25 2.3 2 >T IS D3 B
[ (] ° o -0 o o ° o o ° e o
3 e o e ¢ o © o o o o o o
2 e o o e 6 o 8 o o s o o
3 e © e o o o ‘& © & o o o
4 . 3 -3 [ (] ® o ¢ 10 o o °
S s 1 e ©o© 3% e o o 1 3 e 3
¢ {15 10 -3 5 s, 3 e e 10 3 6 3
| 3 15 .3 s 1 3 e 3 13 3 & 5
. 0 15 -3 ‘3 ¥ ¥ € $ 13 3 e 3
i) 7 13 -3 3 3 § o 10 220 .10 o 10
10| %0 20 <26 5 6 & o 10 220 10 O 10
] s 20 0 s W Tee 0 B 0 -3 3
12 5, % -0 3 B 3 @ 18 13 13 e-10
wlws @ <10 3 10 3 -3 10 ¥ W -3 10
1 120 30 -6 0 W6 10 -3 10 &4 N -3 10
5] 130 80 -10 0 2 10 o 135 6 4 -3 10
1 | NS 113 <15 10 N 3 -3 15 108 o -3 10
1 430 120 -20 170 398 $ -3 13 WS, W <20 113
18 | s w0 <23 220 630 10 -13 120 M0 W -0 16
19 | wo 315 de 333 103 -0 -0 0 5 & 0 W
20 |1om 726 B 20 120 20 -0 M N0 0 20 1M
21 L1k se 135 130 1380 -3 10 30 s 23 2
p2ee] 1370 1043 410 700 19T3 3 430 830 M0 83 IW M3
23 1m0 1240 w0 920 . 930 130 133 330 1. 2% 82

9. Firat Crach 8 yliiante
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APPENDIX C

PHOTOGRAPHS OF TESTED BEAMS

Photographs of the tested beams are pregented in Figureé
C-1 through C-31 of this appendix. Fach figure i1s composed bf four
'views representing the south,-norgﬁ, top and ‘bottom face of a beam.
Continuity of c?ac#s on threé sideQACan be observed; it was'not pos:

sible to match‘ﬁhem since photographs of the different sides were

taken at variable distances and angles.

 In addition to crack patterns, the following details are
also marked: projection of longitudinal and transverse steel on all
four faces, location and designation of strain gaugeé, and projection
of an opening in a hollow beam. This appendix; together with the
preceding two, gives a cbmplete picture of experimental data required
for the study of beam bghgviorgunder‘combined loading thoughout the

R

entire loading history.

f
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FIG.

C-2 CRACK PATTERN‘AT FAILURE, BEAM BS-1S



FIG. C-3 CRACK PATTERN AT FAILURE, BEAM BS-2

FIG. C-4 CRACK PATTERN AT FAILURE, BEAM BS-25
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FIG. -6 CRACK PATTERN AT FAILURE, BEAM BS-4

\
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F16. C-7 CRACK PATTERN AT FAILURE, BEAM BS-5

-

i

s

FIG. C-8 CRACK PATTERN AT FAILURE; BEAM BS-6
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FIG. C-10 CRACK PATTERN AT FAILURE, BEAM BH-2

2



FIG. C-11 CRACK

v -

AP g N

B a2l EOTTNE SN0 wAOS SIS

226



L]
227

]

FIG. C-13 CRACK PAfTERN AT FAILURE, BEAM. BL-5

¥
.

FIG. C-14 CRACK PATTERN AT FAILURE, BEAM BH-6
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FIG. C-16',CRACK PATTERN AT FAILURE, BEAM B15-4a



FIG. C-17 CRACK PATTERN AT FAILURE, BEAM B1S-4b

FIG. C-18 CRACK PATTERN AT FAILURE, BEAM B1S-6a

229
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FIG. C-19 CRACK PATTERN AT FAILURE, BEAM B1S-6b

FIG. C-20 CRACK PATTERN AT FAILURE, BEAM €S-1



FIG. C-21

FIG. C-22

CRACK PATTERN AT FAILURE, BEAM CS-3

s
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¥

FIG. C-24 CRACK PATTERN AT FAILURE, BEAM (S-5
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FIG. C-25 CRACK PATTERN AT FAILURE, BEAM CS-6

" FIG. C-26 CRACK PATTERN AT FAfLURE; BEAM CH-1 ‘ :



CH-2

‘I °-28 CRACK PATTERN AT FAILURE; BEAM 'CH-3

¥
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1

FIG. C-3O CRACK PATTERN AT F}\ILURE, BEAM CH-5 .



FIG.‘C-31- CRACK PATTERN AT FAILURE

» BEAM CH-6

236
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APPENDIX D ‘ o
' |
COMPUTER PROGRAM

In this appendix a complete listing of the computer program
with examplgé of outéut for each mode is presented. Nomenclature
used in the program is given in Section D.1. Figure D.1 pregents a
general flow chart and,idenFifieé\subrOutines. Within the program

numerous comment cards are included to describe subroutines and major

statements; therefore no detailed flow chart is presented.

LY

Ak kkk

The author and the University of Alberta disclaim responsi-

bility for missuse of the following program, nor will they be respon—

sible for errors in the listing.

v



D.1  NOMENCLATURE FOR COMPUTER PROGRAM

L
A1,A2,A3,A4
ALFAEL
ALFAE2

AP

ARCCOM

AST

BETA

BH

BM

DELTA

DFMOD1
DFMODZw
DFMOD3
DS

| DST1

DST2

DEPTH OF NEUTRAL AXIS

CONCRETE COVER ON EACH OF FOUR STIRRUP LEGS

TORSION FACTOR IN ST. VENANT THEORY

TORSION FACTOR IN ST; VENANT THEORY

AREA OF A PRESTRESSING STRAND S
AREA OF AN ELEMENT IN COMPRESSION ZONE

AREA OF A STIRRUP LEG

WIDTH OF A BEAM CROSS—SECTION

INCLINATION OF COMPRESSION ZONE W.R.T.
LONGITUDINAL BEAM AXIS

WIDTH OF AN OPENING IN A HOLLOW BEAM

BENDING MOMENT

TOTAL COMPRESSIVE FORCE

DISTANCES FROM THE’BOTTOM FACE OF A BEAM TO
PRESTRESSING STRAND

%
LOADING RATIO

DISTANCE FROM EAST SUPPORT TO THE FAILURE
CROSS-SECTION FOR MODE 1

DISTANCE FROM EAST SUPPORT TO THE FAILURE

* CROSS-SECTION FOR MODE 2

DISTANCE FROM. EAST SUPPORT TO THE FAILURE
CROSS-SECTION FOR MODE 3

LOCATION OF PRESTRESSiNG STRANDS W.R.T. SIDE
FACE OF A BEAM

DISTANCE FROM TOP FACE OF A BEAM TO THE UPPER
STIRRUP LEG

DISTANCE FROM THE TOP FAC% OF A BEAM TO THE
LOWER STIRRUP LEG



DST3
DST4

ECCN
ECON
EPSCOM

EPSCE

EPSCU

EPSSA

EPSSE

EPSSU-

EPSTEN

ES
ESTIR
FC
FCELEM
FCOM
FPULT

FSU

FYSTIR

239.

DISTANCE FROM THE SIDE FACE OF A BEAM TO STIRRUP -
LEG LOCATED ADJACENT TO THAT FACE

DISTANCE FROM THE SIDE FACE OF A BEAM TO THE
STIRRUP LEG LOCATED FURTHEST FROM THAT FACE

ECCENTRICITY OF PRESTRESSING FORCE

MODULUS OF ELASTICITY OF CONCRETE

~ COMPRESSIVE STRAIN IN STIRRUPS

STRAIN: AT THE LEVEL OF THE REINFORCEMENT DUE TO
EFFECTIVE PRESTRESS -

CONCRETE STRAIN AT FAILURE

INCREASE IN STRAIN IN THE PRESTRESSING REIN-
FORCEMENT BETWEEN PRESTRESS AND FAILURE

EFFECTIVE PRESTRAIN CORRESPONDING TO
EFFECTIVE PRESTRESS

STRAIN IN THE PRESTRESSING REINFORCEMENT AT
FATLURE

TENSILE STRAIN IN STIRRUPS

_ o
ERROR IN SUM OF FORCES PERPENDICULAR A CROSS-
SECTION o

MODULUS OF ELASTICITY OF PRESTRESSING STEEL
MODULUS OF ELASTICITY OF TRANSVERSE REINFORCEMENT
CYLINDER STRENGTH OF CONCRETE

ELEMENT STRESS IN COMPRESSION ZONE

COMPRESSIVE STRESS IN STIRRUPS

ULTIMATE STRENGTH OF PRESTRESSING STEEL

STRESS IN PRESTRESSING STEEL AT ULTIMATE

TENSILE STRESS IN STIRRUPS |

ULTIMATE STRENGTH OF STIRRUPS



PHI
SIGMA .
SMINB

SMAXSv

SMINS

Y

SMINT
- TCOM
TCR
THETA

TTEN

XCR
XINC

HEIGHT OF A BEAM CROSS~SECTION
HEIGHT OF AN OPENING IN A HOLLOW BEAM

- CURVATURR - .

STIRRUP SPACING |
PRESTRESSING FORCE PER UNIT AREA

CONCRETE MAXIMUM PRINCIPAL STRESS
(CRACK LOCATED ON BOTTOM FACE)

CONCRETE MINIMUM PRINCIPAL STRESS
(CRACK LOCATED ON BOTTOM FACE)

CONCRETE MAXIMUM PRINCIPAL STRESS
(CRACK LOCATED ON SIDE FACE) ,

CONCRETE ‘MINTMUM PRINCIPAL STRESS
(CRACK LOCATED ON sIpg FACE) .

CONCRETE MAXIMUM PRINCIPAL STRESS
(CRACK LOCATED ON ToP FACE)

CONCRETE MINTMUM PRINCIPAL STRESS
(CRACK LOCATED ON ToP FACE)

TOTAL TENSILE FORCE
TENSILE  FORCE DUE To CONCRETE UNCRACKED ZONE

TOTAL COMPRESSIVE FORCE DUE To STIRRUPS -

* CRACKING TORQUE = ,

FLANGE THICKNESS TN A HOLLOW BEAM

ANGLE OF INITIAL CRacg
TOTAL TENSTLE FORCE DUE TO STIRRUPS

DOUBLE WALL THICKNESS IN A HOLLOW Bmay
SHEAR  FORCE
DEPTH OF THE TENSILE UNCRACKED ZONE

'INCREMENT OF DEPTH OF NEUTRAL AXTS

240,

ey



XIx
- X1Y
. XKSI

XKSIBT

XMODR

XNCOM

YC

241.

MOMENT OF INERTIA ABOUT X-AXIS
MOMENT OF INERTIA ABOUT Y-AXIS
LOADING RATIO

TORSION TO BENDING RATIO ON BETA PLANE
TOTAL LENGTH OF A BEAM

MODULUS OF RUPTURE OF CONCRETE

NUMBER OF STIRRUPS INTERSECTED IN COMPRESSION
ZONE g

NUMBER OF STIRRUPS INTERSECTED IN TENSION ZONE

DISTANCES FROM NEUTRAL AXIS TO CENTROIDS OF
ELEMENTS IN COMPRESSION ZONE .
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non

AN N N A A N A AL 6 A A

[, ]

TSTELT, PUILD, FOL!

BALR LivE
TEPRICIT SEALCA[A-8,8+0)

COYMNE AP, AST,0,PL, PER, S5V, E5,ES71P, EPSCS, KPSSE, EPISA,KIS1E,0,0,
IR, BULRE, P ER002, 0 ¢ TOUE, PCCH, 3, 009C,7,6,80, X682 ,0ERTA,
JLATY, W TY, WD), AT
6, 0FROLY, LIRLID, MTR
LPLTER  FONP
&, P, AN, ¥, IAMES, >
TALPARV ALZARY TR
B AT, ¥Z,4000,0C, Y,
PEULY, FTILD, VULS,

a
o $5,37,00,00

- lllll.l.. PLUNC, SHARLA, TROD, KT IELD, R8N,
B, PHIFAC,EELEN, TUTALS, TOTALY,

.V TOTALE,RRS,PS, SURP,SUATP,SUAYN,COUNT, PNL,ORP,ABC00A, FCELED

:.ncn.uua?.rton ltonr,lLVOK,Ktk.llilJT [ 41 19
3,20L2R,TRITSD, ™R '

COROS B,1,1032,TLIRS, KSTIEL, BASLEY, HECONP

SINTISIOE AP(10),u(10), FE(ID) , PIH (10), 73U (10) , RS (NCD,

% MPZCE(1C), EPSST(16) P55 (V0] , EPESG(10) , 0% ¢10) , PPULT(18)

2,45(39) ,18(23), ANEA(REC) , TC (30C) , 2(5GO) , T (3G0) ,EELER (303) ,RDS(29)
3 PCEL (388}, P5¢20) , FCILEA (3C0) ,52CCON {$00) , ELFORC (390)

ea 1aver

xuu.l.i ne6) Aty TCa%0L,
TP(8a.CL 1,841 CALL TCH

émnar nu.cuup el ULT) 48D FOR #03R 3 AL
L 8930L8)
caLL sowLT '
IR
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SEULT,PYILD, FULT, VSN, PHIPAC, ZELEA, TOTALY, TCTSLS,

YV IRTALE,LAS, P, SUSE ZUAFP,SURYY, COUNT, PHT, DEP, ARCODE, PCILER
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COrROE ¥,N,%00L, RELEAY, BSTREL, ZADRKS, KECORP
DIMZESION AP(IC) ,D(10),PEQ10) PS5V (103, TSO(10),X3(18),
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B2 130 IeV,x1CORP
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DA 110 IV, KECORP .

EILIA(1)=ICEL () *M0X
conTIsde
STRAZN AT THE TOP OF TRE PORTION OF nuxn BOVEDED 3T 8. .a
LCORPSPRISNCCH
ELIRENT CTRRSSES i
PCPY=C.8542C :
EC*1800803.LO0+S00,.8000CPP
10+2.002CPP/2C
Tu=0.0034
Ir(¥TCORP.LT. 1) 6O TO 13% .

DO 120 Xe1,nrcORP -

I (22528 (1).C2.0.00.290.BBLRE (1).1T,20)C0 70 1M
IP(TELEN(I).CL.20.AXD, 2LL2A(D) . 12.20)60 TO 108
IP(TCLEA(D) .CT.EVICO TO 1350
Ycuu:n-(z.cconu:l(X)/m-(zun(n/m,--homr
€o 7o 12¢ : .
n.n'-xup-rcrr-o 1507CPE/ (R¥~EO) ® (LELEN (2)~20) ' .
co T0 120
TCILEP (T) aPCPP=3. \SOPCPP
cosTINIE
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I7{fCOrP.ce.0.0C. ANDLLCOAP. LT.20)CO TO 193
IP{ZCCPD.GEL PO, AKD P.LT.EE)CO TO 138
IP(FCOAP, CELEU)Cn o 137
PCOPPe (2.CI°XCORP/ L0~ (ZCORE/LD) $02) o CPP
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FCOLTICTP~0. 150 7CPT/ (ET-E0) * {ECORP-2O0}
€O TH 1%4 R E :
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UTVaRLS
xr(-r.‘rqr.u.')co 70 103
00 1¢0 1eV,01C0
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ABCCOR (T} sARPA (DY) /DSID
TLIPYRT COAPRTSSIVE PORC
€3 170 Ie3,BiconP .
ELPCRCYT) A 3TCON (1) *FCELEA(T) : « )

T0%AL COYPPESIINE FONCE !
FITCTrC.OC

00 16l Tet stCOPP

FCTOTNICTOT P TLrOFC (1)
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THIS SELPOUTINL SOLYZS-POP GULTIRATE CAPACITIZS YACKING IBTG
ACCOUNT TCREICHAL CCRPUPKET OF TUR IBCLINCD PLADE

TAPLICIY REAL®B(3~M,0°%)

riss, 8,8,

305TY,0LT2,357),05TN, :,,lnu.nu.rr T, 15718
8, 0PPOL1,0P"002,0FR00),55, 181,70, 4CH, UKTA, THETA, TV, TP,
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B TCP, BN, 0, SINES, SRINS , SARNT , SNINT, SRARD,SNIND, LIX, X2Y,58,5Y,08,87
T ATPALILALTAT2.TUIPS, TROAS, TRERP
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LULT, FYTLO, MULT YiH, PHIFAC, LXLEN, TOTALP, TOTALY,

V SATiie, A, rs, SE° .:unrr.sunrl,:nunr,ruz.az..Anccnu.lclttl
2,HCCN, LCRP, TCCRE, ACENF, RLPORC, FCCC, RS ERT, FCRL

STHETES, THITSA, INRITR

COREQR P,R,ENDE, RELINS, RITELL,DADELD , S DCORP

lunslo- APLIC) ,D{10), PR (IC) ,PSU (10) , TSH{V0) , 28 (20},

T IPICE (D) E22SE(10) , APSSA (10}, EPSIU (1), 85 (10) ,PPULTY (18)

2, AS(IO) 1.(1'),::!1(55.).1:(5&01.!(5:0).1450&),x:an(iao),lxsclil.
3 PCEL(53C) P52 {30) ., ¥CELEA (300) LAVCLON (300) ,ELYCRC (390)

PRAL PEETAC,MBITAL, RIZTAN,SRETAV, ROFTATD
Ve ro2maTi///,50APINST  HODK - uzimare catncxrl STIAISS ABD :onxxxn
riun CALCKS) | o
20 rareaT(%n,*
2eeccearyy) :
Cuecs, ror rort aeEniss CASI
IF(7KRST.LT.0.00%) TNETA=1,.37030%
IP(IrL1.47.0,083)66 TO 3!
TULTATArTUD
cantinoe
TRETAL-THITACIA0,00/3, 18189 . .
¥IITL(S,00) . -
¥3LT2 (4, 20) : -
¥RITE (6,10) TNZTA, THETAD
3C POPRAT(SI,CIUCLENATION OF INITIAL CRACK2 TEETA(RAD.) =°,Fb. &/
Z 3z, 'I!TI(DIC-) w280/
ITLPAAS)
A.S.nl cornus:o: STALIN IX BITA PLASR ABD m ICaIAENT
EPICas0. 008
£r518CeQ, 8022
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ASSOAR DLPTH CF EEUTRAL AXIS AND XTS INCRBREARNY
AIECan/RELENS
TIIATION POR POSITION OF FISTAAL AXIS STARYS
30
LYY
38 avaedzpé . .
PISD IKCLISATION OF COAPRESSIOS X032, lltl e
-Aunz--pquor.e-(l-n))-:ral(ttttA) o
PLTACZATAN(TLANITY)
CALCULATE -COPPATURR
NEILTSen/3TLYPS
PUICTPRCAS/ (R-NELEN/2.00)
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6C EPSSA(T)e ((R-R) =D (X)) *PNISDSIN(DETA)
TOTAL XTEATNS IN STEZIL IN LOXGITUDIRAL BIBECTION
D3 ¢ I-1,n
T TESSO (1) YEPSSL(T) ~LLSCE (1) *ZPS3A(T)
CALCULATE STRFSSES AND PORCES 3N rlz:rll:s!-c STRANDS FRoR srltss-
SITATY TIAGRARMS .
I7(2UDE.FY. 1) CALL STHT02
IP(ECST.TQ. 2) CALL $TR308 .
1P (keos,
IP(ROET. 7O, 83 CALL STRATN
TISSILE FONCT OF PRESTIESSING STELL I¥ ORIGINAL onacm:
TS+C.C0
oo 23 1et,n
9C TIeTSeTLN(T)
TOTAL TEESILZ FORCE X9 nzsrnssxn STREL PREP. TO BXTA PLASE
TS+ T3eDGTR(PTA)
TINSILE YCECE I8 COBCRITE
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ISReTOSCR/TNT
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TCHARODDOICI/2.C0 0P /0STR(BETA) /000,00
COXTIILUTION OF IRANNVIRSE BTRIL (sxxll'r: - lonx:outu; L2cs o8N

TrETerr S uTo(puTi=a)
ErSPITYINIS (25T2-4) ,

ATIXIE I3 T DIFICTION QF TRARIVERSE STEXR
TTSTOLe IPKTCASLCOS (LETR)
EPSEOT«FLEROT0COS (BETA)

STRERSLT 19 TrC DIRICTION OF TRADSVESSE STESL
PTIC=IPSTCPoLITIS

PROT-PRATOTOPSTIR

CNICK weYTHES STPIISYS IXCIED FY

IP(ITCP.CT. FISTIP) PTORPSPYSTIR,

IPLPTOPLLT, (~FISTIF)) ITOPe~PISTXR

TP (PAOT. G PYRTIP) PROTOTISTIIR

FOSCE3S IX ST1pRuUrs

TTOrsFoor-asy

TROTe BOTOAST
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T02aL PFORCE IB STIRRAUPS FIRP. 70 .B3ETA PLABE'
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TCTIRe (TTOPTOT) *BCOS (2ETA) .

TOTAL TENSILE FOBCK I8 X-SECTION PEPP. TO DETA PLANS (RIPNy .
TOTIOTCeTSTIP -
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SERFER NP 1TFRAYIOES
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TOPSLON TO BENRIEG BATIO OW TNE INCLINEZS (SITA) s
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E3=1¢25000.030300.000PCPPF .
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c YXITE CLTIAATE STEAI® I3 PAESTHESSING STILL
. VRITE (6, 206)
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WIITL(R,2030a . . 37
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ITIFECOCP.LT.IICO TO 862
artcs, swncn.u(-mun

%2 co-ruu

ITL(6,391) 172082
-n:xu.n:) SILST
MAITE(S,595) 85T

[/
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VPITR (A, éT0)
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300 rnrrnt £,°STPAIN 1¥ TOP LEC »*,P10.4,/52, 57241 15 SOTTON LIS
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36V IOTAAT(SE,CTORCION TO BEADIPG RATIO OF THEZ ISCLINID (DITA) 2LANE ,
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