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SYNOPSIS

This paper exanmines.prestressed cﬁncrctc rectangular beams
subjected to torsion and a single point load. Forty beems of
100 x 174 um cross section were tested with two shear spans and two
typss of post-tensioned, unbonded terdons. o stirrups or bonded
longitudinal‘steel were incorporated in the test length,

Using thes skewed bending approach, theoretical expressions sre
developed for the ultimate capacity of the beam under the combined
loading condition, which agree well with the experimental values.
The results of other recearch workers are compared with theoretical
moment/torque interaction disgrams,

Complete moment/torque/shear intersction surfaces are presented
for the author's beame; only part of this surface is, however,

substantiated by the limited test results availsble,
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NOTATION

A A A

gl ? =82 * 83

D D
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dy, dy 5 dy

cm

fcmi

- 4
cu

cross sectional areas of lower, centre and upper
layers of prestressing steel

distance of load from nearest support

bond slip factor

breadth of section

St. Venant constant

dowel forces due to torsion in lower and cenfre
steel

depths of centroids of lower, centre and upper
leyers of prestressing steel

Young's lodulus for concrete, steel

uniaxial cylinder corpressive strength of
concrete .

maximum direct stress in concrete due to bending
normal to axis of beam

meximum direct stress in concrete due to bending
normal to skew failure plane

uniaxial cube crushing strength of concrete
modulus of rupture of concrete, 100 mn deep
specimen

modulus of rupture of concrete, 174 mm deep
specimen

cylinder splitting strength of concrete

increase in stress in lower and centre
prestressing steel

uniaxial tensile strength of concrete

modulus of rigidity of steel

overall depth of section

lever erms for dowel force in lower and centre

stecl



(vi)

¥OTATION (continued)

M ' ) bending moment hpplied to member

My » My, Ny theoreticel moments, licdes 1, 2, 3

¥4 bending moment at first crack, lNode 1

Mu : ultimate moment of member, in pure bending
By oo Wyo o Wy theoretical ultimate moments, hiodes 1, 2, 3
m modular ratio steel/concrete

P P P initial prestressing forces in lower, centre

and upper steel

. stress at bottom of beam due to prestress

Pe1

Pes stress at centre of side of beam due to
prestress

Pos stress at top of beam dne to prestress

T torsional moment applied to member

T1 ’ T2 ’ T5 theoretical torsional moments, lNodes 1, 2, 3

T01 torsional moment at firs£ crack, llode 1

Tu ultimate torsionsl mement of merber, in
pure torsion

T 2 Ty o Tuﬁ theoretical ultimate torsionsl mome?ta,
liodes 1, 2, 3

\'s shear force aéplied to ﬁembcr

V1 y Vz thc&retical shear forces, llodes 1 and 2

Vu ultimate shear.forcc applied to menber

vui ’ Vuz theoretical nltinate shear forces,
Modes 1 and 2

Ve maximum shear stress in concrete on plane
normal {o axis of besn

Vet maximum shear stress in concrete on plane
normel to axis cf teem, due to torsional roment

Vov maximum shear stress in concrete on plane

normal to axis of beam, due to shear force
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NOTATION (continued)

, - ' depth to neutral axis

z ) : lever arm in bending

Z, lever arm in torsion '

P | anglc of inclination of concrete failure
envelope

G.cl direct strain in concrete adjscent to lower
layer of steel due to applied roment, on plane
normal to axis of beam

&14 . Ditto, but normal to skew plane

é - maximum strain in concrete due to bending
normal to axis of beam

écmi Ditto, but normal to skew plane

é’si direct strain in lower layer of prestressing
steel due to applied moment, normel to
axis of beam | |

Q angle of failure plane in compressive
zons of concrete

9' modified engle of failure plens in

compressive zone of concrete
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1. INTROLUCTION

. Torsion has, in the past, generally been ignored in the design of
concrete structures, Of course, where structural forms such as spiral
steircases and curved elevated roads occurred, torsion was a primary
consideration, and ways had to be found for dealing with it, But for
the vast majority of structures it was considered a secondary effect
which was covered by the sefety factor employed.

With the advent of ultimate strength design and the use of
realistic load factors it becomes more important to understand the way
in which the loads are distributed around the structure, To-day's
plane frare analysis will become to-morrowis space frame, in which

torsional moment will play an important part in resisting the loads.
1.1 Design for Torsion

V/hen the various code rcquircments for torsion design were
reviewed by Fisher and Zia ( 1 ) in 1964, reither the American nor
the British codes gave a design method for torsion. Reinforced
concrete Designers in this country gencrally used the Australian code
until the publication of the British Standard CP 110 ( 2 ) in 1672,

However, CP 110 gives little guidance for the design of pre-
stressed concrete in torsion, stating in clause 4.3.6'the method
adopted for reinforced concrete beams .... may generally te used!,
The Austrelian code ( 3 ) does give a complete design procedure for
prestressed concrete beans subjected to combined torsion, bending
and shear, This is based on equations developed by Rargan and
Hell ( 4, 5 ) which they expanded into & design method ( 6 ) erd is
oniy applicstle to under-reinforced teems #ith both longitudinal snd

* umber in breckets refers to list of referencas.



trensverse bonded steel. The theory is basecd on yielding of the steel,
en empirical expression being used to ensure that the concrete does not

fail in the 'shear compression' mode,
1.2 Previous Research

Vany reviews of previous reseerch are aveilable ( 7, 8, 9, 10, 11 )

end only a few authors will be mentioned here,
1.2.1 Plain Concrete

The analysis of homogeneocus and elastic sections was carried out by
St. Venant in 1853, whilst MNadai produced his vlastic theory in 1931'.
The failure of a plain concrete section could then be predicted by
equating either the elastic or the plastic principal tensile stresses
to the ultimate tensile strength of the concrete., Neither method
gave very good results, ‘

In 1059 Lessig considered the feilure of reinforced concrete
sections to be on a.skewed plane, end in 1668 Hsu ( 12, 13 ) showed
that this type of failurc actually occurred in plain concrete, From
his tests, Hsu determined en empirical constant in the relationship
between torque and the tensile strength of the concrete. He also
found expressions relating ths tensile strergth of the concrete, ft
to the compressive cylinder strength fé » Which are useful where no
tensile strength has been measured,

In 1971, Y¥ertin ( 14 ) used a trapezoidsl approximation to the
distgrted skew failure plane and found a theoretical basis for the
empirical conslant used by Hsu, This approach gave good ayreement

with experimental résults, especially where the tensile strength

of the concrete had been measured.



1.2.,2 Rcinforced Concrete

. Following lessig, many researchers have used the skewed plane
approach in reinforced concrete, Normally both links andhlongitudinal
steel are used, part or all of which yield at failure., To ensure that
this is so, the section is alwgys under-reinforced and the properties
of the concrete have a negligible effcct on the loads at failure. This
case is, therefore, so different to that covered by the author that

reinforced concrete results will not be considered further.
1.2,3 Prestressed Concrete

The detailed review of rectangular section prestressed concrete
beans is lef't to Section 2.

Some research has been carried out on I - section ( 15, 16, 17,
18 ), on T - section ( 49 ) and on box section beams ( 20 ), These
sections are, cf course, commonly used in practice, and much more
research remains to be carried out., Hovever, the author feels that
the simpler, rectangular section should be examined in detoil first,
before proceeding to the more complicated sections., Following the
same line of afgument, no bonded steel has been incorporated in the
test zone of the author's beams, with the express intention of solving

the simplest cases first,
1.5 Object ard Scope of Study

The object of this research was to investigate the behaviour of
rectengular post-tensioned prestressed concrete beams losded in
corbined torsion, bending and shear, It was designed to complement

the work of Wainwright ( 7 ) and of Evans and Khalil ( 21 ) who



tested similar beéms, but without shear action.

fhe nain sttention was on the prediction of the ultimate
conditions for the beams, but strains, deflections and rotations of
the beams were measurcd for esch load incremeﬁt.

The scope of the study involved testing forty beams in two s;ries
with different types of post=tensioned steel, one with a large diameter
alloy bar, the other with four high tensile steel wires. In both
cases the prestress at the top of the beam was approximately zero,

Two values of shear span were used, and the only other variable

was the ratio of applied moment to torque, which varied from zero to

infinity.



2. PREVIOUS STUDIES OF TORSION ON PRISTRESSED COVCRETE =

RECTAIGULAR BZANS

It was soon realised that by prestressing a concrete menber the
strength uﬁder torsional loads could be greatly improved, because the
compressive prestress must first be overcome before the tensile
torsional stresses become eff'ective.

For pure torsional loads the most effective distribution of pre-
stress will be unif'orm over the section, and many investigators have
used this distribution; others have used eccentric presiress, the
eccentricity varying up to the meximum value of h/6 for a rectangular
beam. This latter, 'triangular' distribution of prestress will be
the most eppropriate for beams resisting high bending moménts, and
hes been used by the author for all his tests,

The prestress may be applied by reans of pre- or post-tensioned
tendons, The letter have the advantage,to the research worker,that
the force may be measured directly. By using post-tensioning the
author was sble to compare his results with Wainwright ( 7 ) and Zvens
{21 ) ' )

In post-tensioned beams, the type of duct and the degree of bond,
if sny, m2y also be varied. It is important to know the duct size to
determine whether dowel action is likely to take place, Yot all
research workers give sufficient inforzatlon in their reports,

The size and type of tcndon.are also important variables, as 1;
its position in the secticn when ultimate losds ere considered.

leny previous tests have been on beams with bonded steel in the
test zone, either longitudinal or web, or both, The beams tested by

the author, however, did not incorporate such steel,



2.1 Pure Torsion

Extensiv; tests have been carried out by Zia ( 16 ) and Humphreys
( 22 ), whilst many other investigators have tested a few beams as part
of a series under combined loads.

In 211 cases, where no bonded reinforcement has been included,
failure has been sudden and has taken place at the crackiﬁg load.

As Hsu ( 12 ) has pointed out for uniformly prestressed beams, or
for slender beams with triangular prestress, the first crack forms at
the centre of the long side ( KNode 2 ); for beams of nearly squere
cross section witﬁ little prestress on the upper face, the critical
crack may form at the centre of this face ( Yode 3 ).

Hsu also observes that neither the elastic nor the plastic stress
criterion apree with the experimental results and proposes a formula
based on skew bending theory and empirical constents. lartin and
Viainwright ( 23 ) have derived a similer formula from first principles
using skew bending on a spiral failure plane, with derived constants,

This gives good ggreement with the svailable results,

2.2 Torsicn and bending

Many investigators have worked on this conbined leoading case,
using rectangulexr or'triangular prestress distributions,

Cowan and Armstrong ( 24 ) tested f'ive 152 x 203 mn beams, one
concentrically and four eccentrically prestressed, with 16 mm diameter
. unbonded NcAlloy bars, end web steel, The ng ratios varied between
2 and 8. The tests were, however, carricd out over rather a short
length which may have forced failure to occur at a rather stecper angle

then normal and led to erroneous results.



Reynolds ( 25 ) tested a total of twelve beams with '/, retios
varying between 1,2 and 6.7. All beems were of 64 x 91 mm cross
section, with post=tensioned grouted cebles giving a triangular
distribution of prestress. Vith his loading arrengement, however, he
was not ablclto apply pure torsion,

Okada ( 26 ) carried out twelve tests on post-tensioned uniformly
prestressed beams of 100 x 200 mm cross section, half of the beams being
reinforced with both web end longitudinal bonded steel, The M/& ratios
varied between 0.4 and 2.4.

Murashkin ( 27 ) tested ten beams of 170 x 210 mm croes section,
with a constant M/& ratio of 2,5. The four prestressing tendons gaﬁe
concentric or eccentric loading, Half the beams had web steel,

Warwaruk and Mukherjee ( 28, 20 ) tested twenty beams of 152 x 305
mm cross section pretensioned with either 8 or 12 mm diameter strands
giving a uniform or e triangular distribution of prestress. The NV&
ratios varied between 0,3 and 3.0, All beams had longitudinal and web
bonded steel, .

Ganga Rao (20, 31 ) tested thirty three beems of 152 x 305 mm cross
. section, pretensioned witﬁ four or five 9,5 mm diemeter stresnds giving a
uniform or slightly eccentric prestress, The M/& ratios varied batween
0.6 and 8,4, All beams had web steel, sore had lengitudinal bonded
steel also,

Vainwright ( 7 ) tested seventecn beams of 100 x 174 mm cross
section, post-tensioned with one unbonded }cAlloy bqr of 22 mm diemster
piving a trigngular distribution of prestress. Ths 9& ratios varied
between 0,5 and 17,8, These beams were thus the sanc as the Author's
'Series Onc' beams,

Evans ( 21 ) tested thirty one beams of 127 x 203 mm cross section,
post-tensioned with four 7 mm diameter unbonded wires., The f‘/T ratioz
varied between 0.8 and 12.7. Of the specimens with no bonded

reinforcenent, twelve had trianguler snd seven had uniform prestress,



The former were thus very similar to the Author's 'Series Two'! beans,

Farley ( 32 ) tested ten beams of 30 x 80 rm cross section, with
E/T ratios varying between .13 and 3.0, These specimens were of
micro—concrgte, with an external system of prestressing aﬁplying a
triangular stress distribution.

For beems with no mild steel reinforcement, Martin and Wainwright
( 23 ) have derived formulae for the three observed modes of failure.

liode 1 occurs when thc'm/& ratio is high and cracking occurs
before failure. The compressive face is at the top of the beam, but
the failure plane is inclined. A dowel force is usually present
between the concrete and the prestressing steel.

In lode 2 the bending moment does not aprpeer in the equation,
which is the same as that for pure torsion,

In lode 3 the pure torsion equation is modified due to the
ﬁrcsehce of the bending moment,

In their paper, the theory is compared with one hundred and
twenty five test results, but over half of these are for pure torsion.

The correlation is, however, good.
2,3 Torsion, Kending and Shear

0f the four investigators who have previously examined this
problem, three have included both web and longitudinal bonded steel
in all their beans,

Bishara ( 33 ) tested eight beams of 102 x 305 mw cross section,
pretensioned with three étrands of 11 mm diamester giving e uniform or
eccentric prestress, The H/i ratios varied between 0,7 and 2.8 end
V)Quzratios between ,05 and .17, All beams had both longitudinal and
web bonded steel, The test length was extrerely short which mey have

induced failures ot higher values than expected.



Henry ( 8, 34 ) tested a total of thirty two beams of 152 x 505 mm
cross section, pretensioned with four or five strands of 9.5 mm diameter,
giving & unif'orm or eccentric prestress, The ﬂﬁr ratios varied between
o4 and 13.4 and /v ratios between .08 and .56,  All becms had both
longitudinal ond wcb bonded steel,

¥Warwaruk end Mukherjee ( 28, 29 ) tested twenty beams of 152 x 305 mm
cross section, pretensioned with either 8 or 12 mm diameter strands giving
2 uniform or a triangular distribution of prestress. The g/& ratios
varied between 0,2 and 11.5 and V/# ratios between .03 and .26. All
beans had‘longitudinal and web bondzg steel,

Mcliullen ( 35 ) tested a total of twenty one beams.of 152 x 305 mm
cross section, pretensioned with six 13 mm diameter strands giving en
eccentric prestress., The E/T ratios varied betveen 1.7 and 84 and
v)# ratios between O and ,26. Fifteen beams had stirrups; the
remzining six beams had no bonded steel,

These last beagms tested by Mlclullen ar; thé only directly compqrdblc
tests to those undertaken by the Author.

Bishara ( 33 ), lchullen ( 35 ), Varwaruk and Mukherjee ( 28, 29 )
have each produced cmpiricgl formulae for moment/torque and torque/shear
interection diagrams, based on their own test results.

Using the skew bending method, chry and Zia ( 8, 34 ) have derived
theoretical formulae for both bending and torsional mode failures, where
beams incorporate toth longitudinal aﬁd transverse bonded steel,

In a similar manner, Rangan end Hall ( 4, 5 ) have analysed three
modes of feilure theoretically, but have used an empirical expression for
their 'shesr compression' mode,

Lempert ( 36 ) has nodified the space truss theory to suit pre-
stressed concrete, with an additicnal check for crushing of the concrete.

' The threc theories stove are only applicsble to beers having toth

longitudinal and transverse bonded steél, beinyg besed on yielding of ell

or part of that steel,
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Yoodhead and lMclullen ( 37 ) have used the skew bending method for

bending and torsional modes of fallure, utilising both the steel and
concrete propertles. The concrete strain at failure is, however,
assuried to f'ollow an empirical relationship. Their method is claimed
to be suitzble for under - and over-reinforced sections, with or without
longitudinal and transverse bonded steel,
A synopsis of the test results available for lorsion end bending
is given in teble 2.1, and for torsion, bending and shear in tsble 2,2.
The paucity of results indicated by this latter table led the

author to undertake this study.
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3.  EXPERIMENTAL INVESTIGATION

S.1. | Numbering System

The beams were numbered in the order of testing from O - a1,
However, beams 8 and 24 were incorrectly tested and only the concrete
control tesfs for these beams have been used, |

The number appears on both sides of th; beam and identifies the
photographs, the letters F I and B F being added to refer to the front
and back faces respectively., In the front face the torsional and
flexural ;hearing stresses are additive.

3.2, Materials
3.2.1 Concrete

The fine and coarse aggregates were obtained from Packington and
Perry Barr.respectively and had the sieve analyses shown in table 3.1,
’The coarse aggregate came in several batches, ore of which was such that
the mix design had to be modified. Ordinary Portland Cement was used,
the nominel mix being 1 ¢ 1.5 : 3.0 by weight with a water/cement ratio
of 0.5. The nominal cube strength of the mix of 42 Nyhmz at 28 dsys was
normally well exceeded - see table 3.2, ’

The concrete was made in a Iiner 'Cumflow' No, 1 A mixer, sufficient
to cast one beam and its associated control specimens. Two batches were
required for Series 1 beams; one sufficed for Series 2 as the number of
icontrol tests were reduced in this case, All concrete was placed with
the help of a poker vibrator.

The control tests were :=-

(a) Three 150 mm cubes for compression test = fou
(b) Three 150 x 300 mm cylinders for compression test - £

(c) Three 150 x 300 mm cylinders for the indirect tensile (or 'split
cylind;r‘) test - £

(d) Two 150 x 300 mm cylinders for Young's lodulus determination - E,
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(e) Three 100 x 174 x 1000 mm beams for a transverse bending test,
giving a modulus of rupture - fr' for Series 1 beams only.

(£) Two 100 x 100 x 600 mm beams for the standard modulus of rupture
test - £_ (beems 9 to 41 only) | '

The tests were carried out in accordance with the British Standards
except :=
‘(1) 1In test (d) the strains were measured with electrical resistance
type strain gauges from the same batch as those used on the beem itself.
Thus the gauge lengths used were only 50 mm, smaller than that specified
in the British Standerd.

(2) In test (e) no B.S. is availeble. The loading system was similar

to the B.S. being at the third points on a span of 800 mm,, the rate of

loading giving an increase in stress at the extreme fibres of 1.8 ﬁ/mmzf
min,

The results of'the tests are given in table 3.2. All tests were
conducted on the same dey as the ﬁain beam was loaded to failure, i.é.,
28 days ef ter casting.

Beam and control specimens were cured in a thermostatically
controlled enclcsure and automatically sprayed with water_dhce a day.
They were removed on the 27th day and left in the leborstory for the
surface to dry sufficiently for the attachment of the strain gauges.

The relationships between the various concrete properties have been
examined, see figures 3,8 to 3,13 and the following points ere noted.

"(a) Modulus of Rupture

Two types of specimen were tested, one 100 mm end one 174 mm deep.
Fig. 3.8 indicates %that either may be used; analysis of the mean values
end the coefficients of variation in esch case (tsble 3.2) supvorts this,
It appears to be perfectly satisfactory to use the British Standard Test
for defermining the modulus of rupture for beems of this size and this

grade of concrete.
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This finding does not agree with Hsu (13 ) who gives an empirical
relationship between fr, f'c and depth of beam h,

Fig. 3.9 compares this relationship with ff’

The variation of modulus of rupture agrees reasonably well with the
small spread of cylinder strength, but no variation with size of specimen

is apparent.
An equation agreeing more closely with the Author's results would be
P L}
: fr = 1,10 3/f‘c
(v) sSplit cylinder strength f_.

As shown in tsble 3.2. the coefficient of variation of fs was larger
than that for fr. Fig, 3,10 compares the two. For the type and
strength of concrete used we may take

£, = 0,83 f_ ees (3 -1)
The variation of fs with cylinder strength is shovm in Fig. 3.11
The corresponding equation valid for the Author's results would be
<} 1]
fs = 0.91 f c

(¢) Cylinder strength
Agreement between the -cylinder snd the cube strengths (Fig. 3.12) was

gererally good, hlthough the coefficient of variation forlthe cylinders
was higher. TFor the type of concrete used we can write
f'.00= 0.80 £, cee (3 =2)

which is the sccepted value.,
(@) Young's Modulus

A typicel curve obtained for the determination of Young's Modulus Ec
is shown in Pig. 3.5.

The variation of Young's Xodulus with cylinder strength is shown in

Fig. 3.13. The empirical relationship Ec = 5000 f'c where the units

are 1&ﬁmn2, is also plotted.



i6
3.2.,2 Steel’
Series 1 :- .
The tendon used was a 'licAlloy!' high tensile alloy steel bar of 22 mm
. dismeter with threaded ends. The ultimate load of the one bar tested was
400 kN, The actual lﬁads used were not more than 167 kN,

Two specimens were tested to determine Young's lModulus; the results
are shown in Fig. 3.6

Series 2 :=

The four tendons used were high tensile steel wire of 7 mm diameter
with an ultimate load of 61 kN. The actual loads used were not more than
- 39 kN, |

Two specimens were tested to determine Young's Modulus; the results
are shown in Fig. 3.7
3.3 Details of Beams -

Genersl arrangements of the beams used sre shown in Fig. 3.1 ;
beams were cast in plastic faced wooden moulés, the overall dimensions
being 100 x 174 x 3000 mm,

Series 1

Twenty seven days af ter casting the beeams were post-tensioned using
o standard 'McAlloy' jJack to a force of sbout 140 kN suffic;ent to give an
average of 2000 pe in the four strain gauges. .

On the twenty seventh day the concrete strain gauges were affixed.
ihe number and position of theée depended on the proposed loading and the
expected mode of failure, The positions are shown in figures 8,1 to 8,22,
together with the crack patterns after test, The strain gauges were
either Tinsley type 7 4, of 50 mm gauge length, fixed with 'Tridox' F 88
adhesive or Tokyosokkikenkyujo type TML, of 60 mm geuge length, fixed with
the maker's adhesive,

Series 2

Tﬁenty seven days efter casting the beams were gauged as shown in

Fig. 8.23 to 8.40. The strain gauges were either Tinsley type 7 A,
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-

50 mm gauge length, or Tokyosokkikenkyujo type TLL, of €0 mm gauge
1ength;'both fixed with the same adhesives as in the Series One

beams,

) The beamlwas then post tensioned ﬁith the fwo central wires to a low
vaiue for handling purposes., After assembly in the test rig the final
prestress was applied on the twenty eighth day immediately before the
test, the values of load actually applied being measured by load cells
placed under each wire,

Before being placed in the test rig all beams were given a thin
ccat of white emulsion paint so that the cracks could be distinguished
' clearly.

3.4, Testing of Beams

A generel view of the test rig is shown in figure 3.. 3 + It has
been described previously by Wainwright ( 7 ) in an arrangement for
giving a constant bending moment along the central portion, Here a
point load ;s applied so that the bending moment varies throughout the
length'and consequently shearing forces appear in the test length. This
point load was applied either 600 or 800 mm from the left hand support of
the 2.5 m simply supvorted span. ‘ )

The first ten beams were tested by aoplying the full vertical load,
and then increasing the torsional moment to failure. Héwever, it was
felt that an approximately constant M/& ratio. might lead to different
creck patterns and hence, possibly, a different type of failure. Thus
beams 10 to 41 were tesfed in the following manner :-

(&) Increase vertical load to 20 kN

(b) Decrease vertical load to zero

(¢) Read strain gauges and deflections

(a) Increa;e vertical load by first increment

(e) Increase torsional load by first increment

(f) Read strains and deflection: gauges
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"(g) Examine for cracks end mark extent of cracking with the
load increment number

.(h) Inérease vertical load by second increment, etc.

At each stage of the loading care was taken to keep the beam
horizontal under the vertical load by adjusting the restraining torsion
arm. .

In Series 1 beams the strain gauges were read using‘a Peekel
indicator type B 105, the deflections using ordinary dial gauges reading
in mm and each set of readings took approximately two minutes.

In Series 2 beams all readings were recorded by a Data Logger. A
programre was already in existence for reading strain gasuges and prinfing
the results. This was modified to read in addition :-

(a) the voltsge output of a l'ayes Type 403 Load Cell, supplied
with a constant voltage supply. This output was multiplied by a
constant and printed out directly as a load in kN. The loads measured
were (1) vertical load (2) torsion load (3) all four loads in the

prestress wires.

(b) the voltage output of an Ether Type P D 20 linear transducer
. for measuring deflections‘and rotations. Again constants were written
into the programme so that the printed ocutput was the reguired
deflection in mm,

With the use of the data logger each set of readings could be
completed in ebout ten seconds.

The number of load increments varied, but averaged fifteen, When
near failure some time, up to five minutes, might have to be allowed for
the deflections and strains to settle down before the readings could be
taken. Tests usually occupied about one and a half to two hours.

Due to the method of loading, at failure the vertical loading
sysfem attempted to keep a constant force on the beam; the torsional
loading jack kept a constant rotation, the force, therefore, falling

off with time. When the torsional moment fell off €o quickly that the
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hand pump could not keep the moment constant, the beam was assumed to

have failed and both jacks were retracted simultancously.
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COARSE AGGREGATE. BATCH
1 2° p)
% retained 9.5 mm 2.2 5¢3 2.7
% retained 4.8 mm 81.9 92,2 82,3
% passed 4.8 nm 15.9 2.5 15,0
FINE AGGREGATE BATCH
1 2
retained 4.8 mm 7.4 6.9
% retained 2.4 mm 18,2 1.0
% retained 1.2 mm 11,2 51
% retained 0,60 mm 11.0 14.6
retained 0,30 mm 33.7 40,0
% retained 0.15 mm 14,7 19.4
¢t passed (.15 mm 3.9 2.8

1005 passing
80
60 "

40

20

Zone A

l15 .3 .6 1.2 2'4 4'8 9'5

Sieve Size mm

GRADING CURVE FOR MIXED AGGREGATE, COMPARED WITH
TYPICAL Z0NE A AND ZONE B AGGREGATES,

TABLE 3,1 ANALYSES CF AGGREGATES
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. L]
. fcu fé fs fr fr Ec
BEAM
NO. | N/mn® N/mm° N/ma® | N/mn® N/m® | K/mn
¢ fLTe € 9.1 3.72 373 - 33.5
1 51.8 43 6 363 3. 74 - 3C.5
2 4263 38.7 .00 3. 58 - 29.1
3 AT 43.4 2.96 3.90 - 321
4 57«7 5E2.6 3«57 de 76 - 352
5 £2.9 28 ¢ 4 3.7€ Lelilr - 377
& ViVit] 34.8 3.0 3. €2 - 3€.3
7 Ll e D 46 2 2.95 3.96 - 31.7
& 4543 4163 3.21 3¢ 62 - 293
9 Slie3 326 319 3+57 394 33. €
1 527 41.8 3.19 3643 3e 46 327
11 Bded&s 3% 33 3. 79 3. 3¢ 3Fe €
12 4949 3E. 4 .23 2,95 3. 73 29 .9
13 L1463 326 3065 3.5 3.54 31.3
14 L7.6 4245 2493 3.83 4e 15 21.1
16 50«0 456 2 3«32 Le (32 357 I 5
16 L6EeD Afie 3 313 2.81 de 13 36s 6
17 AT e ds 39.5 3e 17 Lo 11 Le L 33. 0
18 516 485 3.26 Ziell 3. 36 37«9
19 530 4243 3.58 3. 79 Le 1T 33. 6
av 51.1 4414 5 2.85 358 3«77 224
“1 4.3 L84 337 3.81 Lie L6 3441
ee 54.3 W4 3412 2.98 Lo 25 29+ €
23 5€.3 Ldie 5 .27 - Laa 373
24 48 357 233 - 380 3¢
es S5Ge0 4261 363 - He 27 33. 7
?6 l‘«gol 35.2 3016 - 3-71 :“709
27 5«3 32.4 3e16 - 3 bl 3la1
28 SFedt FB.4 3.0 - 3. 20 31.7
£9 Sfett 25.1 3.28 - 383 23.3
3L 28 0 B 39,9 2. €9 - L0 8 Ibe
31 51.9 372 Ze28 - 26 3C 1.8
3? A?-S 387 3-?9 - ripwiAd 31-!5'
33 57.2‘ 37-? 3.&9 - Z'.. 38 31-5
34 49 o 2 28.8 3. 18 - 2.53 Rl.a
28 E3.0 SQ-Q 3.[-‘2 - die 14 321
c 512 289 3¢ 25 - e 2V Gl e3
27 Shets 4069 3. 232 - e T7 336 6
28 E1.3 3€.9 3E3 - 2,91 305
39 £le? 2149 34605 - Le(E G440
I EQeC 372 de 65 - Le 3] FRecs
L0 57«7 LCg 0 2,08 - Loa L 213
I‘IEAN 50.1 40.2 3023 3084 3090 32-5
Coeff?
of T4 9.8 6.8 8.9 8.8 7.0
Vare %
TABLE 3,2 CONTROL TEST RESULTS
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4, THEORETICAL AVALYSIS OF ULTILNATE STREIVGTH

4.1 Introduction

In this section, theoretical expressions for the ultimate
torsional strength of prestressed rectangular concrete beams
subjected to combined torsion, bending and shear are developed.

Previous inveétigators into the effects of combined torsion
and bending have observed three rmodes of failure, In the present
tests, only two failure modes occurred (see Section 5), but for
completeness all three modes have been analysed.

In mode 1, the strength is related to the cylinder strength,
£} , using the Cowan failure criterion for the concrete in the
compressive zone at the top of the beanm.,

In modes 2 and 3, the strength is dependent on the tensile
strength or moculus of rupture of the concrete in the tensile
zone at the side, or top of the beam, respectively.

The theory is developed for a rectangular beam with three
layers of steel, one in the compressive and two in the tensile
zone; all steel remains'elastic to failure, The bond slip
factor mey be modif'ied to cover pre and pcst-tensioned cases,

No transverse steel is considered.



36

4,2 Yode 1 ‘

This mode is characterised by a failure surface of the type shown
in fig. 4.1, and occurs when the }/T ratio is high, Extensive cracking
occurs in thé bottom of the beam, whilst crushing of the concrete at the
top face may occur at.failure.

The concrete in the compression zone is subjected to

(&) direct stress, due to prestressing force and bending moment

(b) shear stress, due to torsion and to shear. For these
combined stresses, the Cowan (58 ) failure theory has been used
previously by Nartin end Weinwright (23 ). Here, the theory will
be extended to include the effect of shear force on the beam,

The stress and strain distributions across a section at right
angles to the axis of the beam are shown in fig, 4.2, DYMormally the
prestressing stecel cannot move laterally in the duct, and dowel forces
will be set up, balanced by shear forces in‘the.concrete as shown,

Vhere the ducts are large, these dowel forces cannot arise and the
equations rust be modified,

Taking moments sbout an axis through the centroid of the lowest

steel, and perpendicular to the axis of the beeam
hl N (PEZ * Asz f52) (dl - d2) * PB5 (di - db)
2
= 's-bxz.fcm vee (4‘. 1)

Similarly, taking moments parallel to the axis of the beam

T - 2
I, = 5bxvctzt ...—(4. 2)

or T1 = (D81 - Dsz)zt Y ( 4, 5)

where zy is the torsional moment lever arm.
. Resolving vertically, and neglecting any dowel force due to
vertical shear

2
vl 3 bxvcv



Taking Vo = Voot Vet

fig. 4.3, with sinp= 0.6

vc 2 fcm 2 fcm :
25 r + 4 | - 3 Fro| = 1
c c c

Substituting values for Vo and fcm in 4.4
(
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, and using the Cowan failure envelope,

eoe ( 4.4)

2 . 2
v1zt + T,l 1{1 + (Psz + Aszfsz) (dl - d2) + Ps5(d1 - d5)
25 Z——-—-—-—_ 4= Z
CR e | . zoxele
-3 kl * (Psz + ABZfsz) (di - 2) M PSS(dl - d3) _
Soxaf) .. (4.5)

This basic equation relating M and V

12 Tq»

be solved as it contains the unknowns fog 2 X5 2 and Zy

Resolving forces on the skew feilure vlane

2b

ﬁcosgi xfcmi = (Aslfsl + A

szfsz

+ (D81 + Dsz)51n91

+P, + P+ Psa)cose

, cannot at the moment

oo (4.8)

The strain distribution over the depth of the section is assumed to

be linear across both the skew and square bending planes,

in the concrete normal to the skew plane is

. 2 81
§c11 = écicos 91 + 381Gssin91c0391

Gcmi. _ (‘:cli _ 6021

But

x d,='x dy- x
¢ _ Ss1
and ci ° B

where a bond slip factor B is assumed,

The strein

ees (( 4.7)

eee ( 4.8)

eee (4.9)
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\f -
Now E €emt = fomy _ ees (4.10 )
EE€, =, ad Eséaz = f, eee (4,11 )
Combining equations ( 4.7 ) to ( 4.11 )
sl = 2
xcos 8y Ag1Cq ees (4.12)

A similar equation may be written down for st , but an approximate
expression will be used here, assuming that the stress increases are

proportional tc the distance from the neutral axis, i.e, :-

(dz- x)

fsz‘ = fSlm coe (4.15 )

In a2 similar manner, the dowel forces are assumed to be proportional

to their distance from the upper arm of the couple :=-

T111 T,1

I - 12
D81 = N 2+1 5 and D82 = 3 2+1 ) s ( 4.14 )
1772 1772
where 1, =4, - 0.375x and 1, = d, - 0.375x .eee (4,15 )

Teking moments of forces about an axis normal to the skew plane end

through the centroid of the lowest steel :-

bezfcmi
Llcosgi + Tisingl = S - (?52 +

) ) (dl- dz)cosg

Ao en 1

- Dsz(di- dz)singi - Pa(dl- da)cosg eee ((4.16 )

1
Equations ( 4.6 ), ( 4.12 ) and ( 4.16 ) include ©, , the argle of
inclination of the compression hinge. Following Wainwright ( 7 ), we

assume that this angle is determined by the %/T ratio on loading.
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Taking moments about the neutral axis on the skew failure plane at

the first crack

1

bh%(f_+ p_,coso, )
M ,c0s8, + T, sing, = 63050, sea b 4:17 )
bh2 1+ tanzgi + pcl/t‘r
rearranging Te1 =6 fr Hci/Tcl + tanb oo (,4'18 )

If the M/T ratio -is constant during the test we can write -

Mci/ Tci B }'{1/ Tl end the minimum value of Tci occurs when

/ :
- 2 v
tan@i = ’/ (Mi/Tl) + 1+ Pcl/fr - I":I./Tl ses ( 4,19 )

Equations ( 4.6 ), ( 4.12 ) to ( 4.16 ) and ( 4.19 ) mey nox be

solved for x., Using this value, 1.11 may be determined from ( 4.5 ) ,

for given values of Tl and Vi . . .
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405. Node 2

This mode is characéerised by a failure surface of the type shown
in fig. 4.4, Normally the initial cracking occurs on the front face
wheré the shear stresses due to flexural shear and torsion are additive.
With high flexural moments, however, the initial cracks may form at the
bottom of the team; the failure surface will not then incorporate these

initial cracks.
4.,3.1 Stress Yethod

¥%ith this method of analysis, failure is assumed to occur when the
maximum principal tensile stress in the coﬁcrete reaches the uniaxial

tensile stress f,, determined experimenteally.

t!

At the centre of the {ront face :=-

1.5 Vz
Shear stress due to flexural shear = oh
Tz.
Shear stress due to torsionzl moment = =—=2
Direct stress due to prestress = Poo
2 il
1.5 ¥, T, Peo Peo
bh ctﬁb ) 2 2
1,5V i}
2 2 A/
or + = oA P + & )
th cthbz t " “e2 i
th
When Tz = 0 Vz = Vuz = 'i—:5-~[ft( pe2+ft)
- _ _ 2
When V, = 0 T, = T, = e’ [r (pg,+f,)
vV T
2 2
v——“'"-l‘-—"' =1' '00(4‘.20)
u2 u2

There is thus a linear relationship between v, end T The

2.
flexural moment M does not appear in the equation., °
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4,3.2 Skew Bending MNethod

It is now assumed that the critical stress is the modulus of rupture,
and it occurs at an angle 6 to the vertical on an inclined, rectangular

plane, fig. 4.5.

Taking moments about the centroid of the full concrete section :-

5.2 V, sin ©.cos 6
o _ b _ %
T2 sin 85 = T Oz[frz"' Py €OS 84 oh 1
o 2 2
o T V2b ) b frz-l- P,y COS
2 6 -6 sin 6pcos O3
For constent V, T is a minimum when tan 8=4/1 + Pcz/frz wow | BBl )
(AT Y
and then T, + 25— = =3 ol Peg + )

If a more realistic, trapezoidal failure plane is assumed, then
following Martin (23 ) we may approximate this by modifying the constant

S in the above equation, which becomes

: 2
V.b hb
2 .
T 3 — - y | . | b |
, *g " Tg 3 o1Z[Poz |2 '*/frzgpcz"“frz)
54| + 0.35( =
hi 11y
6bh
i - 1 —
Vhen T, = O, V, = V!, NP b_%_pc21h/fr2(p2+fr2)
s L o 2
“ra
hb2
- - ! - 1 T T
S +|=| + 0.35|=| |=—=
h| |f ]
r2
T \'§
2 2
and —— 4 === = 1 ._.( )
T2 Va2 “x 2e

is the general i'nteraction form of the equation,
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4,4 Mode 3
None of the beams tested were observed to fail with this lMode, but
for _complete;ness it will be included in the analysis,
The type of failure surface is shown in fig. 4, 6., Cracking occurs

on the top and both sides, with rotation about a compressive zone at the

bottom of the beam,

4,4,1 Stress Method

L]

If failure follows forration of the first crack, a principal

tensile stress criterion may be used.

The shear stress at the centre of the top face will only be

dependent on the torsional moment and will equal T.'.’:
e . 2
C, ‘bh
Vs
The direct stress at the same point = + P
.3 cd
bh /6
4 2 [ E
TZ; 5”5 -Po3 5h5 Po3
Then ft ® ffi[rer— e feee o =S] 5 +
c bHf| v 2 bh 2
T 2 6} P
which gives [—S—T—:' - :‘5 = 1+ =88
q tbu.h ft bh'f & b ¢
when M, = 0, T, = T . = f,c,bE | 1 428
3 'S5 e “tt ft'
2 T - pm-' '
- o & - bh_ 29,
when TS'O’ M;S" ~ lIu5= 3 ft [14-1.1;}
and T - 57 = 1 eee ( 4,23)
T‘u& Mus '

is the general interaction equation,
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4,4,2 Skew Bending Method

It is now assumed that the critical stress is the modulus of rupture
and that it occurs at an angle ©zto the horizontal on an inclined

rectangular f)lane, fig. 4.7

Taking moments ezbout the neutral axis of the section

2 2
bh (fr3 + Dp5 COS 93)
6 cos ©

T.sin © - N c:m'se:5 u

b 3 el 3

Ll

The minimum value of T5 occurs when

. v 12
J'{ZS M P
fo) c3
tan 9:5 =g + [—-—-] + [1 + -f—]

3 3 rd
bh® . [ 2 Pcs
end then T5 = 3 f!‘5 Tt T * 1 + ra
S l_ 3 rd

If a distorted, trapezoidal failure plane is assumed, an
epproximation may be made as previously. The equations are the same as
those found by Martin (23 ), as in Mode 3 shear does not affect the
failure,

The general interaction equation becomes

O Y
) o
= - == = 1 see 4,24 )
ud usd
2
where e = S frz'bh ___pc:s
u3d 5 -1 3 1+f
s [hh' h|Z pca ] rd
+ 5 + 0,35 o —
rd

P
for values of % between 0,25 and 4 and 2.2-'?- between 0 and 10.
rd

P
For values of -.2 between 0.25 and 4 and -f.-g?-’- between O and - 1

rd
2
T' =1 1fr5bh T 1 + PC-'S
o ‘ h—|§ h-ﬁ rpcl’:" £
. 3+ -b- -b..J I‘If r3
; L rSJ

snd M = .b_h.z b EL+ f
r3 pc.’S/r
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FIGURE 4.3
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Se. TEST RESULTS AND BEHAVIOUR OF BEAMS

The main test results are now presented, and the behaviour of the
beams under load discussed. Strain gauge results, deflections,
}otations and cracking details are given in Section 8, but discussed

here.
5.1 Principal Test Results

These are given in Tebles 5.1 end 5.2. The failure momeant, torque
and. shear are given for the critical section, which is assumed to lie en
the centre of the cocmpression face, a distence y mm from the left hand
suppert, The values of Hu end Tu are experimental; that for vy is
theoretical, the value of V.o from B.S. CP 110 being used, omitting

partial ssfety factors and putting £, equal to the aversge experimental

t

value of the modulus of rupture fr .
5.2 General Behaviour

Four beams were. tested under self weight end torsicnal lozd only.
Due to the positicn of tge torsion arms, the 3eries 1 beams 20 and 21
were subjected to a smsll hogging bending moment, whilst the Series 2
beams 23 and 27 were subjected to the sagging self weight roncnt only.
The beams all falled suddenly end it was not possible to sce on which
face the first crack formed. From an examination cf the failure surface
it is seen that the compressive hinge is either.on the back‘or on the
front face, toth indicating a lode 2 type failure,

Eight further beams were tested with an applied moment such that ;

the g/T'}atio wes less than or equal to 1.5, In one case, beam 40,

slight cracking occurred at the penultimate load., In &ll other cases
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thg-cracking load énd failure load coinciéed,_the resulting failure being
of ¥ode 2 type. Figures 5.7 to 5.10 show the failure cracks of éwq of
thesc,(bcams 5 and 6, |

For beamg with larger applied.benainghmomehts; flexural cracks
occurred at the bottom of the beam well before failure. As the load.
incressed these widened, sprcad-and branched at approximately 45° towards
the right hand support on the front fece, in the opposite d;rection on the
back faﬁe. The cracks occurred whether the vertical load was applied
first, in the first nine beanms, ér in increments with the torsion, beams
10 to 41, . | ‘

If the #/& ratio was between 1,5 and 3.5 the beam again failed in
Mode 2, the failure surf'ece not utilising the existing cracks, '

Beems 32 end 38 were tested with ¥/, retios of 3.9 and 4.3
respectively, Hode'i.type cracks were formed on loading, but in both
cases the final feilure mechenism was complgx. Tﬁey have‘bcen labelled
1/2, but neither liode 1 nor lLode 2 cracks w;re‘cémpletely formed, whilst
some longitudinal and transverse cracks may have been formed subsequently

to.failure, The failure cracks for beam 38 are shown in figures 5.11

and 5,12,

Beans tested with 1"/T ratios greater than 4.5 211 failed in Mode 1.
Extensive cracking occurred near failure, a compression hinge forming on
the top face with, in many cases, local crushing of the concrete, The

cracks at failure of beam 16 are shown in figures 5,13 and 5.14.
5.3 Xoment/torque Interaction Curves

These are given for each series and each shear span in figures 5.1

" to 5.4.

For most specimens, a slight increass in torque occurs for low values

of epplied moment, es found by other investigators (7, 21, 32). However,
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‘to obtain this rising curve in a beam subjected to varying bending
noments implies that failure must be inhibited in ;cgions of low moment.
This occurred to a very limited extent in the author's tcs#s due to

(2) the reinforcing cages at the ends of the beams

(b) the length of the failure zone

This could be over 1 m in some Yode 2 type failures,

Apart from this slight rise, the torque remains sensibly constant
for all beams failing in Mode 2.

The mode of failure changes to the bending type - Mode 1 - at a
moment of aoproximately 12 k!m for Series 1 and 10 kNm for Series 2.
The ultimate torque falls off steeply with increass in moment, although
there is some indication that the moment capacity of a section may be

slightly enhanced for low torques (beams 16 and 36).

5.4 Shear/torque Interaction Curves

These are shown; for beams failiﬂé in Yode 2 only, in figu?cs 5.5
for Series 1 and 5.6 for Series 2 beanms,

For all specimens, the torque is sensibly cons£ant over the range
of shears considcrcé.

Since the moment has little effect on lode 2 type failures, the
torque/shear curve will have this shaps for any valuc of mcment,

For Mode 1 failures, the moment has a very significent effect on
torque, and either a three dimensional di;gram must be drawn, or a
series of torque/shear planes drewn at different points along'the

moment exis (see section 6).



5.5 - Vertical Deflections

.'Load/deflcction curves are shown in figures 8.41 to 8.44, the
" deflection being that imrediately under the loading point.

After some settling down the curves beéome linear, the slopes
being fairly consistent for each set, The average slopes for esch
set of beams are shown below; the theoretical fesults are calculated
using the second moment of area of the gross concrets arca,-and a

Young's Nodulus for concrete of 32,5 kI mm2 , the average experimental

value,

Deflections in mm/k¥N load

Theoretical Experimenteal

_ Series 1 | Series 2
8, = 600 mm 0.12 0.12 .0.15
8, = 800 mm 0.;7 0.19 0.20

The Series 2 beams were less stiff, shéwing the effect of the
prestressing steel.

The first crack was noticed soon after the curves becare non-
linear. Both the amount of deflection after cracking and the total
defleection at failure dcpcndéd on the H/; ratio on loading, being low
for low H?& ratios and increasing for higher values, As exéected,

deflections were also higher for the higher value of 8, o

5.6 Rotations

Overall rotations of the beams were measured as detailed in
Section 8.4; torque/rotation curves ere shown in figures 8,45 to 8.4°.

After some settling down the curves generally become linear, the
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slopes being fairly cqnéistent for each series; there apoesars to be
no £c1ationship between the slope end the H/& ratio. The theoretical
tors}onal seiffness K may be calculated for the full concrete secticn :-

0.213 E chb5

) 2( 1+Y)

where the constant 0,213 depends on the ratio h/'.D and ¥ is-
Poisson's ratio for concrete. Putting 27 equal to 0,15 and E, equal
to the average experimental value of 32.5 kR/hma , K becomes 524 k}‘!’m2 .
This compares with the experimental aversges for Series 1 and Series 2
beams, which were 350 end 310 kﬂgg respectively., The calculated
torsional stiffness is often reduced to allow.for cracking in the
section., However, the torsional stiffness of beams 1, 2 and 9 were
not effected, even though they were already cracked in bending before
any torque was applied. This agrees with Henry ( 8 ) , who found the
formation of bending cracks hardly chenged the torsiorial stiffness of
hie beams. Since the value of Yourg's modulus was that used for
deflections, and the value of % is that usually accepted for concrete,

the differences between ‘the values of stiffness cannct be adequately

explained.
5.7 TFailure Crack Angles

At 211 steges of loading the pcsitions of cracks were recorded
on the beams, see for exsmple, figures 5.13 end 5.14, At failure,
some beams disintegrated and part of the infermraticn wes lost., The
crack patterns at failure for each bsam have £=en dravn - see figures
8.1 to 8,40, ' The loads and torques at which the first crack was

observed are generally shown in figures 8.41 to 8.49,
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The average crack angles on each of the faces of each beam were
measured, where possible, and are given in table 5.3. The
experimental angles of the tensile cracks have also been compared with
the theoretical, using equations 4,19 and 4.21 for besms failing in
¥odes 1 and 2 respectively, although these equations were, in fact,
derived on the basis ef failure on a rectangular plane. The results
sgree within 15 degrees, in spite of the difficulty found in deciding
on an average crack angle on a face on which the crack changes
direction,

In figure 5.15 both the experimentsl and theoretical crack angles
have been plotted against the M/T ratio for Mede 1., The scatter ef
points is lerge, but the trend is indicated, ‘

In figure 5.16 the crack sngles for Mddc 2 have been plotted,
Using the average values of prestress and medulus of rupture, the
theoretical value of 92 is constant at sbout €0 é;rces, agreeing

reasonsbly well with the experimental values.
5.8 Increase in Tendon Force

In a1l beams the tendon force was measured at each increment cf
load, either irdirectly with strain gauges on the tendon ( Series 1 )
or directly with load cells ( Series 2 ).

Table 5.4 compares the actual increase in force at failure for
Mode 1 beams with the theoretical value. For Series 2 beams the force
is for two wires.

For Series 1 besms, the average increase in force is 16%, the
theory predicting 14%. Individual results, however, vary quite widely,

For the top steel in Seriés 2 beams the results are not so good, the
theory predicting larger increases in force than occurred in practice.
The experimental values for bottom and top steel are 8% and 0;7%,

whilst the theoreticsl increases are 7% and 1.7/, The theoretical
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stres; in the top steel ié ob%iously very susccp£ib1e to slight errors in
the value of x, the depth of the compression zone - see Section 5.9.

‘?he manﬁcr in which the longitudinal steel strain increases with
applied momcpt is shown in figure 5.17, For.beams tested under moment
only the increase in strain in the lower prestressing steel is plotted
ageinst 34M « The curves are closely spaced and there are no
appreciasble differences between beams of diffcrentvserieé and &ifferent
shear spans., The near - horizontal portion of the curve for beam 3 is
probeably miséing because of the rather large final increment of loed
used on this beam, o

It should be roted that the strains plotted here are average
values over the length of the beam., A similar curve is plotted by
Waiﬁwright ( 7 ), who has a longer loaded length of beam, and hence

slightly higher average strains.
5.9 Longitudinal Conciete Strains

Strain gavges of either 50 or 60 rm gsuge length were generally
fixed to all faces of the beems.in order to measure sirains in the
longitudinal direction, The positions of the gauges were as chown in
figures 8.1 to 8,40, and were placed .cuch that the depths of the
compression zone coculd be determined,either on the front or back faces,
or on.the top and bottom faces, depending on whether a lode 1 or =
Mode 2 failure was to be expected,

Changes of strain were recorded as esch increment cf load was
epplied. Strains due to prestress were calculated from ‘he loads
applied end the concrete Young's Fodulus, measured on cylinders using
idertical straig gauges, |

Strain gauge plots of beams tested unde£ pure moment were used to

deterriine the bond slip fector '5' - see Section 8.5.
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Strain gsuge plots of other beanms have been used to determine the
depth of the compression zone for beams failing in Mede 1. Normally,
readings were taken on both faces of the beam; average values have been
used to determine the mean depth ef the nesutral axis, so that they could
be compared with the theoretical values in Table 5.5. The maximum
longitudinal concrete compressive strains, either measured directly, or
extrapolated from a vertical strain plot, are alse coempared to fhe
theoretical values of maximum strain in this Table.

All strain gauge results suffer from the.same problem; a gauge
is never normally placed in quite the right position to record the
maximum strain. Thus we should expect higher values o{ x than the
theory predicts, which is usually the case. Theoretical values of x,
using both the experimental figures for fé snd fcu have been included to
show that there can be quite large differences due to this. Generally
the results for x are quite good.

The experimental values of the maximum longitudinal concretq
strains are very varisble, Again, this is mainly due to the strain
gauges not being affixed exsctly at the failure sectien, In fourteen
cases the theoretical strains are higher, as we would expect., Of the
eleven values which are lower, all are for beams failing with M/T ratios
greater than 9. At these higher velues of M, the theory not only
under estimates the ultimate moment, but also ‘the ultimate concrete

strain.
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Bean O Pe2 ] N T \'s
No. o | N/mm® mm KN XNn xy | Serdes
0 600 710 29.0 487 3.19 14.43 1
1 600 Ted1l 29.0 1377 253 A.23 1
2 600 775 29.0 9.15 286 633 1
3 600 799 29.0 1575 0.00 B8+63 !
4 600 7.62 29.0 271 355 889 1
5 600 770 29.10 0.12 3.19 185 1
6 800 7433 29.0 Hedi( 2.79 13.09 1
7 800 724 29.0 1.12 293 HBelib 1
9 800 T+.64 29.0 13.62 2.34 e75 1
10 800 8.13 29.0 14.10 2.11 18.98 1
11 800 707 290 1494 1.58 9.16 1
12 g00 715 29.0 14.10 2.38 8.95 1
13 800 T+32 29.10 1631 0«94 10.08 1
14 800 737 29.0 1710 0.00 1049 1
15 600 717 29.0 1323 1.91 T 36 1
16 600 8.19 29.0 1784 096 9.94 1
17 600 767 29.0 14.96 157 Be70N 1
18 A00 707 290 12.29 P16 724 1
19 600 7.86 29.0 12.63 P45 726 1
20 - 743 29.0 -Ne11 293 0«26 1
21 - 7«13 29.0 =010 3.02 0«24 1
22 800 8.06 29.0 12.00 259 T «49 1
23 - Te70 301 N.13 348 Ded} 2
25 800 Te64 29.8 13.77 0«00 BRelil 2
26 600 T+ 54 29.0 1431 NeND 792 2
28 600 743 279 1411 079 TeT74 2
29 AO0 753 277 1357 149 T+45 2
30 600 769 29.5 11.94 2.20 679 2
31 600 772 29.1 11.42 233 665 2
32 600 7+ 5h 29.1 10.23 202 59N 2
33 600 738 29.1 8.59 2.92 S5¢58 2
34 600 755 29.2 137 3.H60 450 .2
35 800 T79 29.0 14.21 075 8.94 2
36 800 Te74 283 1455 1.38 .92 2
37 800 T+58 291 11 .86 1.99 Tl 2
38 800 7.83 29.2 10.25 2441 693 2
39 800 T.64 28«5 703 349 Se17 2
40 800 7+58 29.5 N¢19 306 3609 2
41 600 757 278 3.80 3.19 10.94 2

TABLE 5.1

AUTHOR'S RESULTS
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=

Bean J % -g- -g- -g-}- Modo

No. mn u u u
0 362 0.31 107 019 1.5 2
1 785 087 0.85 0.11 Sedl 1
2 1030 058 0.96 0.08 3.2 2
3 650 1.00 0.00 0.11 oo 1
4 350 017 1.19 0.12 0.8 2
S 2120 0.01 1.07 0.02 0.0 2
6 360 026 0.94 0.17 1.6 e
7 325 007 0.98 0.06 04t 2
9 920 0.80 0.80 011 Se7 1
10 750 0.82 0.71 0.25 6.7 1
11 850 087 053 0.12 9.5 1
12 900 0.82 0.80 0.12 5.9 1
13 875 0.95 .32 0.13 17.3 1
14 875 1.00 0.00 014 oo 1
15 640 0.84 0.64 0.10 649 1
16 675 1.13 0.32 0.13 1B+6 1
17 750 0.95 053 0.11 9.5 1
18 755 0.78 0.72 0.09 Se7 1
19 700 0.80 0.82 0.09 5.2 1
20 615 -0.01 0.98 0.00 =00 23
21 1825 '0001 1001 0.00 =00 23
22 8610 070 0.87 0.10 Yeh 1
23 2225 0.01 1.11 0.01 0.0 23
25 875 1.00 0.00 0.11 ] 1
26 670 1.00 0.00 D.10 o 1
27 1220 0.02 089 0.00 0.1 23
28 650 0.99 0.25 0.10 17.9 1
29 6510 0.95 047 0.09 9.1 1
30 725 0.83 0.70 0.09 Sedi 1
31 775 0.80 De74 0.08 449 1
32 750 0.71 0.83 0.08 349 12
33 988 060 093 0.07 2.9 2
34 2200 0.10 1.15 006 04 2
35 920 1.03 0«24 0.11 189 1
36 875 1.06 Cedity 011 10.5 1
317 210 0.86 063 0.09 6.0 1
38 1050 0.74 077 0.09 N3 12
39 1200 0.51 111 0.07 2.0 2
40 1430 0.30 117 0.05 1.1 2
41 345 027 1.02 0+14 1.2 2

¥ y = distance of Critical Section from left hand support.

TABLE 5.2

AUTHOR'S RESULTS

CONTINUED



CRACK  ANCLES - DEGREES:
Beam t ¥
Yo |Front Face| Bottom |EBack Face| Top |[Experimental | Theoretical
0 65 22 63 45 €5 60
1 55 ¢0 1€ 72 0 23
2 €9 €2 80 75 69 61
k] 0 0 o] 0 0 0
4 €6 64 39 39 39 58
5 68 42 55 42 55 59
6 64 45 73 54 64 60
7 65 0 73 €0 65 59
a 48 17 55 - 17 22
10 8 19 45 62 19 22
11 0 14 45 - 14 15
12 7 22 22 - 22 22
13 5 19 0 - 19 .
14 0 0 0 - o] 0
15 5 5 5 = 5 19
16 6 6 6 - 6 8
17 53 C o €0 o - 14
13 63 g | 16 76 9 24
19 49 27 5 58 27 24
20 60 72 76 59 60 60
21 75 €8 64 44 64 58
22 13 13 13 = 13 26
23 72 48 59 46 59 60
25 : 0 0 o] - o] 0
26 - 0 = - (o) o]
27 75 61 €5 8 65 60
28 0 0 0] - 0 9
29 3 17 10 - 17 15
30 45 22 32 71 22 23
31 13 39 49 - 59 29
I 52 27 27 1Q 63 a7 30
133 65 52 78 75 65 59
34 74 33 57 65 57 60
35 0 10 37 - 10 7
56 22 22 0 - 22 12
57 14 26 46 €6 26 22
38 59 31 76 75 31 29
39 74 43 €8 50 68 60
40 77 | 52 70 50 70 59
41 | 57 1) 65 b33 57 60
T i'ode 1 = Bottom, Mode 2 « Front Face or Eack Mace
* lode 1 -~ Iquetion 4,19, lode 2 ~ Equation 4.2

T/{BLE 5.3 CRACK ANGLES O FAIIURE SURFAC3
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INCREAST I TIUDON FORCT AT FAILURS kN
Eottom Cteel Top Steel
5;2? Ixperimentel | Thecrctical | Zxperimental | Theoretical
1 2C.9 15.8
3 15.1 17.0
9 19,53 14.6
10 12.0 134
11 27.3 24 .4
12 1.8 15.1
13 26.4 12,7
14 2.0 27.3
15 16,4 21.7
16 23.0 19,8
17 33.1 18.7
18 21,2 21.6
19 19.5 18.1
22 16.5 17.6
25 3.9 ‘5.4 0.5 1.9
26 6.1 5.5 1.3 1.8
28 6.7 5.1 .7 1.8 -
29 5.8 4.2 s & 1.3
30 3.8 2.5 .3 7
31 2.8 2.9 3 149
32 2.3 2.2 3 " .6
TEBLE 5.4 INORSASE IN TENDON FORCE AT FAILURE, }OTE 1

EXPERIMENTAL AMND THEORETICAL VALUZS



Depth of Cormpression Zone - mm  [laximum Concrete Straig -
; H
Beem Theorstical Zxperimental Theor=t*ical]l Exverimental
Yo, |[Using ! Using f
c cu

1 65 68 85 2CCO 1060
S 61 73 78 2CC4 ©40
9 72 70 155 1978 540
10 75 74 95 1927 1320
11 65 63 74 2184 2750
12 75 68 81 1917 1665
13 72 €8 74 2023 30CO
14 59 64 62 22¢8 5C00
15 60 65 67 2121 1€00
16 67 70 63 2173 25C0
17 67 69 54 2073 2250
13 60 64 61 2122 1600
19 €3 €8 69 2148 1350
22 74 68 - 2174 1310
25 51 54 53 2535 2500
26 59 54 52 2494 2300
23 56 54 55 2456 2750
29 €0 57 57 2529 2600
30 62 63 66 20¢e8 15C0
a1 67 60 - 2230 1140
5 €5 €3 - 2052 1180
33 §7 53 87 2580 5500
K15 €0 57 51 2367 . 2160
37 59 55 57 2404 1€C0
33 69 62 28 3183 10580
TASLE 5.5, CULPA~ISON OF THLORKTICAL A¥D

SXPIRIMETTAL RASULTS - 10DE

DIPTH Or CONPRISSION ZONE

FAXTNUN COMCRETE STRAIN

1

80



81
6. COLPARISOIT OF THECREITICAL AND EXPERINZITAL

VALUZS FOR Ti3 ULTILATE STRETGTH

In this section the theoretical failure loads found from the
cquations d-termined in section 4 are compared with the experimental
values listed in section 5 and with the few comparsble results. of
licdullen ( 35 ). oment, torque and shear interaction curves are
presented in ezch case.

The effect of shear is studied by a comparison of the author's
results with those of Vaimwright ( 7 ), Evans and ¥halil ( 21 ) and

TFarley ( 22 ).
€.1 Juthor's Results, lode 1

The vaiues of Kl given in tables 6,1 and 8.2 have been calculated
from equation 4.5 using either the experimental value of cylinder
strength, or the equivalent cylinder strength based on the experimental
cube strangth.

The values of btond £lip factor B were determined from strain gauge
readings on the beams tested unier moment only - see section 8.5, A
varieble B based on a and the ratio of 13&%1 had no significant eflect
on the pattern of results; the simpler, constant D for each series was
thus used. In practice, much of the load is uniformly distributed on a
beam, end the value of B will not vary so widely; guidarnce on its
selection is availsble - in e.g. Rajasekaran ( 39 ) and Warwaruk ( 40 ).
In ESeries 1 beams, a change in B from 0.1 to 0,3 resulted in an increases
in My of less than 117, whilst in Series 2 beams, a change from .05 to
0.15 increasesd Mi by less than Gx. The value of' B is thus not critical.

Individual results for Hl,vary quite widely between tables €.1 and
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6.2, tut overzll the meen of 1.02 and coefficient of veriation of 12,°
are the same, Either cube or cylinder strength tests may thus be used.
Examining table €.2 the following points are noted :-

?
(a) toking Series 1 znd Series 2 beams separately, the 5 . mears
ds

are slightly greater end slightly less than one respectively., '

(b) tre beans for which u/; is sigrificantly sraller than one are
rumbers 22, 32 and 38. These bcims have %/i ratios between 3.2 and
4,6, #nd sre thus on the border of both liode 1 and Mode 2 regions ( scze
section 5.2).

(c) the exverimental velue of moment varied from 23. ebove the

theoretical to 21 below it.
6.2 Author's Results, lode 2

The ccnparisonc shown in table 5,3 are based on enuaticn 4.22, end
use either the experimental value of modulus of rupture, or a value
calculated from the cylinder strergth using the equation given by
Esu ( 13 ).

Two m=thods of comparisén are used. In the first the torque is
predicted fer a given value of V; in the second the left harnd side of
equation 4,22 is compsred with the theoretical value of 1. Eoth lead
to similer results, The followirg points are noted :~

(a) wusing £ leads to safe results, only two values of T, lying
very slightly below the experimental value T.

(b) the Heu equation gives closer n2ans end lower coefficients of
veriation, showing that it gives a value of £y which fits equation 4,22
better than the experimental fr . It is also useful where only
corpressive strergths have been measured,

(c) either method may be used to ﬁ}cdict the failure torque., 1In

the first rethod, the experimental valus of torque variecd from 40 sLove
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to 1; below the theoretical. Irn the second methed the range was " 217%

to - &ﬁ;
6.3 Author's Results, MNode 3

llone of the author's beams were observed to fail in this mode.
Corparisons are made in table 8.4 using equation 4,24 with either
experimental values of fr , or using the equation given by Hsu ( 13 ).
In this cazse only values of the mean are given, as the coefficient of
variation is not appliceble to such a small number of specimens. The
first method gives safle results, the experimental value of torque varied
from 21, above to 1. below th= theoretical.

On ccmparison of the Yode 3 and lode 2 results we see that in only

one case is a Node 2 failure predicted - in Beam 27, using retheod 1.
6.4 Author's Results - Interaction Liagrams
6.4.1 loment/Torque

The compariton of theory with experiment is shown in Fig. 6.1 for
Series 1 beams and in Fig. 6.2 for Series 2 beams. The theorstical
curves are based on average fr and fé values, for all beams. The
following points are noted :-

() the theory is generally conservative, except for the region
near the intersection of lodes 1 and 2

(b) in Node 2 a slight increase in torque appears to occur for
" moments between 2 and 8 kMm.  The thcon&, in fact, predicts a decrease
(due to the increasec in shear)

(¢) there is some indication that small amounts of torque may
increase the ultimete moment of the section

(@) for this size and shepe of scction, with this level of



prestress, a Node 3 failure might Just occur for small moments,
(e) the M)& curves are also drawn for shears of 10 and 20 kY.
The XMode 3 curve is unaltered, whilst both Modes 1 and 2 change as

shown,
6.4.2 Shear/Torque

The comparison of theory with.experiment is shown in Fig.6.3 for
ali beams failing in Mode 2. The skew bending method using the
experimental value of the modulus of rupture gives a good lower bound
to the experimental results, 1More tests are needed to show,
conclusively, that increasing the sbear reduces the torque capacity of

the section,
6.5 lclullen's Results

The results of Mclullen's tests on eight beems with no stirrups
are surmarised in Table 6.5, The main differences between these tests
and those carried out by the author were

(a) the beams were pretensioned with six strands, two of which
were near the top of the besnm,

(b) the eccentricity of prestress was less than that of the
author,

(c) the average value of prestress was 35% lower,

(d) no cube strength or cylinder splitting strength tests were
carried out.

(e) the smount of prestress and eccentricity were given, but
the distribution between strands was not, except that the 'top strands
were stressed to a lower level than the bottom strandst',

(f) the ratio of %/ was greater, at 2.0
b
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(g) the average value of cylinder strength was 177% greater, but

the modulus of rupture was 5% less, The latter tests were carried out

on 150 mm square prisms,

6.9.1 Yode 1

The values of Hl given in Table 6.6 have been calculated from
equation 4.5 using the experimental value of cylinder strength. The
bond slip factor has been taken as 1. A factor of 1.1 gave a mean of
1,08 with the coefficient of variation remaining at 8%, Values
between 0.9 and 1.1 are normally suggested. The formula given by
Warwaruk ( 40 ), using the theoretical value of x, gives B between
0,90 and 0,95 for an ultimate strain in the concrete of .0035 .

The predicted moments are in all cases lower than the actusl
moments. It should be noted, however, that all four of the bears
had high 3/& ratios, the ultimate torque being less than half the

Mode 2 type failure torque.
6.5.2 Node 2

In table 6.7 the beams failing in llode 2 are examined in a
similar manner to the author's beams, Both the experimental value
of fr , end the empirical value based on the cylinder strength
have been used, Jeither method is very accurate, leading to unsafe
results for besm I - 6. On the other hand, beam 5 failed at « much
higher torque than expected. The number of tests were, however,

very small,
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6.5.3 Mode 3

o beams were mentioned as having failled in this manner. Beanm
I - 5 has been examined in Tsble 6,6 using experimental and empirical

values of fr , giving very different results. In both cases, however,

the theoretical failure torque for Mode 2 is lower and thus limits,
6.5.4 Moment/Torque Interaction Diegram

The theoretical curve is shown in Fig. 6.4, together with the
experimental results, The Mode 3 curve is based on the concrete
properties of beam I = §; the other curves are based on averages for
beams failing in that mode. For Mode 2, the experimental value of fr
hae been used, whilst for Mode 1 that for fé .

The following points are noted :-

(2) ©beems I - 6 and I - 8 lie within their corresnponding
theoretical curves, i.e., the theory is unsafe ( I - 8 very slightly ).

(b) beem I - 5 failed at a ruch higher torque than expected.

(¢) 211 other beams lie quite close to the expected curve,

(d) a Mode 3 failure is most unlikely to occur with this shape

of section, and level of compressive prestress on the top face.
6.5.5 Summery

Agreement of the author's theory with the pretensioned beéms is.
disappointing. However, it must be remembered that the number of
results is very small and scatter is bound to be a problem, particularly
in the modes of failure which depend on the tensile étrength cf the
concrete. It 1s possible that bonded beams are stronger in torsion,
for low moments, than unbonded. One explanation might be that dowel

action can teke place with well bonded tendons, in this mode.
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6.6 The Effect of Shear |

This will ﬁe studied by comparing the author's results with those of
investigators who did not include shear in thelr tests.

In rectangular beems, the effect of shear is quite small and is
of ten masked by the inevitsble scatter of test results. When enoﬁgh
results are available a statistical approach may be used, but this is
not the case at the present time,

Shear efi'ects may also be hidden in another marner. The presence
of shear implies a changing bending moment, and this in itself may alter
the shape of the moment/torque interaction disgram drastically. This

will Be illustrated in the following paragraph.

6.6.1 Vealmwright's Results

These tests were carried out on beams nominally the same as those of
the author's Series 1 beams, but the loading arrangement was such as to
give a constant bending moment on the test length.

The theoretical moment/torque interaction diagram is shown in Fig.
6.5, together with the experimental results.

For smell values of applied moment, the beesm fails in Mode 3. If
the loading system is such that some section of the beam has zero or
smell moment whatever the load, £he beam will fail at that section, and
no lode 2 failures will be possible, In practice, this will be modified
to some extent by the length of the failure zone, and by any reinforcing
steel which may be incorporated to prevent failure near the ends of the
beams, However, the rising pdrtion of the l&%,curvc will not be so
pronounced when shear is present.,

Comparing Figures 6.1 and 6.5, the following points are noted.

(2) ' in Xode 3 the shear has theoretically no effect on the
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failure torque. The differences apparent are due to the slight

differences in level of prestress and in the modulus of rupture. These:
are such that Mode 3 failures would not really be expected with the
suthor's beanms,

(b) in Mode 2, Wainwright's experimental values of torque average
3.96 kFm, much higher than the author's at 3.09 kkm, Theoreéically, we
should expect the results to be closer; wusing the Hsu formula for

modulus of rupture gives values for T, of 3.31 kNm ( Wainwright ) and

2
3.03 ( suthor) for no shear. The experimental differences are such
that they completely overshadow any effect due to shear, which would be
expected to reduce the torque by 0.32 kNm for a 20 kN shear force,

(c) in Mode 1, both theoretical and experimental values of
monment are léss for the author's beams, This is not wholly due to
shear, The moments will be decreased by the bond slip factor being
changed from 0.4 to 0.2, and the average prestress being reduced from

B.62 to 7.56 N/mm2 o The moments will be increased by the cylinder

strength being increased from 38.4 to 41.5 N/'mm2 .
6.6.2 Zvans' Results

Evans and Khallil tested beams with concentric and eccentric
prestress, but qnly those results from the eccentric case have been
used here,

The mﬁin differences between their tests and those of the author's
Series 2 tests were

(a) the average level of prestress was lower

(b) the ratio of P/b was lower, at 1,6

(¢) the average cube strength was 14%, and the modulus of

rupture 7%, greater

(@)  the ducts around the tendons were formed differently.
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(e) the loading arrangement gave a constant bending moment

on the test length.

The interaction curve is shown in Fig, 6.6, where it is seen that,
in a similar manner to the author's results, Modes 2 and 3 nearly
coincide at M = O,

The kode 2 results are quite close to the theoretical value sﬁcwn,
where the average experimentél value of fr has been used in the
equations,

The Yode 1 theoretical curve is much less steep than in previous
cases, This is because no dowel force has been assumed to take place
at right angles to the tendons.

Since Tu5 is approximately equal to Tu2 , the curves have been
drawn in a non-diﬁensienal manner in Fig. 6.7, where they can be
compared with the author's Serieé 2 results,

Beeams failing in Mode 2 show a similar scatter in both cases,
the amount of shear present having no notable effect.

In ¥ode 1, E%ans' results are noticeably to the left of the
author's, If shear were the only difference, we should expect them
to lie to the right. Hosever, as Waimwright has pointed out, the
unbonded tendons had sufficient movement, in Zvans' beams, to prevent
any dowel sction, This has the effect of increasing the shear stresses
in the compressive zone, for the same torque, and thus the ultimate
moments are reduced, The effect is such as to completely nullify the

shear effect, which also reduces the ultimate moment.-
6.6.3 Farley's Results , )
These are the results of tests on micro-concrete models with an

external system of prestress. The other major differences between

these tests and those carried out by the author were
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(a) the aversge value of prestress was much lower at
3.13 X/mn® . #

(b) the cube strength of the micro-concrete was much lower
at 28.0 N/mn® .

(¢) the ratio ?/b was higher at 2.6%.

(d) the modulus of rupture, carried out on 100 mm square
specimens, was lower at 2.85 H/mm2 . On 80 mm deep specimens it was
3,08 N/ma’ .

The interaction curve, shown in Fig, 6.8, is drawn for the
experimental value of £ = 2.86 I{/mm2 and a value of f! calculated
from 0.8 x fcu .

Yo Mode 3 failure was observed, and none would be expected from
the theoretical curves., Although the prestress at the top of the
beam was zero, the beam was of a very deep section, which would inhibit
this mode,

The Mode 2 failures are fairly concentrated around the .10 kNm
torque value, peaking slightly with moments of ebout .15 klm,

As these tests were specifically decsigned to examine Mode 2, few
Mode 1 failures occurred. Since no dowel force can be present, the
curve will be less steep than the author's, end, as with Evans' results,
the effect of shear will thus be hidden.

Since Tu5 is greater than Tuz , the curves have been drawn in a
non-dimensional menner and compared with all the author's results in
Fig. 6.9,

The sgreement here is close throughout the rangé, even though

there was no shear in Farley's tests.
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6.6.4 Summary

The effect of shear has been examined theoretically, but the
experimental results are disappointingly inconclusive. 1In Mode 2, the
esmall shesr effects are masked by slight differences in tensile strengths
of concrete, and levels of applied prestress. 1In lode 1, lack of a dowel
force overshadows any effect due to shear. Where dowel forces are
present, the effects have again been hidden by changes in bond slip

factor and levels of prestress.
6.7 Proposed Interaction Surface

Previous investigators have attempted to define an }nteraction
surface; any.point on this surface gives three values of the variables
¥, T, V which combine to cause failure in the section considered.

The first problem with such e surface is to represent it on a two-
dimensional paper. This can be attempted by isometric drawing; the
author prefers, however, to use a series of cross sections, parallel to
the H/& plane, for different values of V,

The second problem is, generally, the lack of information,
Compared with a line, a surface requires much more data to define it,

end this is often not availsble over large regions.
6.7.1 Previous Work

Eishara ( 33 ), Warwaruk ( 28, 29 ), McMullen ( 35 ) and Henry ( 8,
34 ) have proposed surfaces, as the result of their tests on prestressed
beens Incorporating mild steel reinforcement. These surfaces vary

widely.
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Bishara gives two empirical parabolic equations, one in the M/&
plane and the other in the V/& plane.

VWarwaruk has an empirical parabolic equation in the MVT plane, but
a linear or bi-linear one in the V/& plane,

Mclullen has quadrants of a circle in both the 3/& and v/T
planes, using non-dimensional axes.

Henry has a quadrant of a circle in the M/& plene, and a straight
line in the '/, plane, with the exes non-dimensionel.

MclMullen is the only other investigator to examine the interaction
surface for beams with no stirrups or mild steel longitudinel
reinforcement, Again, his surface is empiricel, the H/& equation

being linear, and the v/T parabolic,
6.7.2 Author's Proposals

Using the equations in section 4, interaction surfaces may be
dedvced, The surfeces are necessarily tentative, as many more tests
are needed to prove or disprove the equations in regions remote from
the author's results.

Figures 6.10 and 6.11 show the interaction surface for Series 1
and Series 2 beams as a series of %/T curves for constant values of V.
The surface is completed by a vertical plane, parallel to the M/T plane,
passing through Vu = 76.9 kN or Vu = 78,5 kN respectively for the two
series, -

The surface so found is not, of course, suitable for design. An
approximate load factor for an existing séction could, however, be
checked by this method. The data required for each Mode is as follows :-

(a) lode 1, The cylinder strength, prestress forces and
positions, areas of tendons, the modulus of rupture across the depth of

the beam and the bond slip factor.



93

(b) Mode 2, The ave-rage level of prestress in the concrete
and the modulus of rupture aéross thé width of the beanm,

(c) Mode 3, The level of prestress in the concrete at the
top of the beam and the modulus of rupture across the depth of the
bearm.,

The moduli of rupture may be found from the cylinder strength

and the dimensions of the beam by using the Hsu formulae,
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Beam B T v M My M
No. KN X1t Ko ¥ My
1 0.20 2.53 8.23 13.77 13.60 1.01
3 0.20 0.00 8+63 1575 1620 097
9 0.20 2.38 8.75 13.62 12.96 1.05
10 0.20 2.11 18.98 14410 13.39 1.05
11 0.20 158 9.16 1494 1331 112
12 0.20 2.38 8.95 14410 1157 1.22
13 0.20 0.94 10.08 1631 12.67 1.29
14 0.20 0.00 1049 1710 1540 1.11
15 0.20 1.91 7.36 13.23 14.60 0.91
16 0.20 0.96 9.94 17 .84 1518 118
17 0.20 1.57 H«70 1496 1407 1.06
18 0.20 2.16 7.24 12.29 14427 0+86
19 D.20 2.45 726 12.63 14402 090
22 0.20 2.59 7449 1200 1334 0.90
25 0.08 0.00 844 1377 13.93 | 0.99 |
26 0.08 0.00 7.92 14.31 12.92 1 1e11 |
o4 N.08 0.79 774 1411 12.82 . 110
29 0.08 149 745 1357 12.62 . 1408
30 0.08 2.20 679 11.94 12.91 i 0.93
31 0.08 2.33 665 11.42 12.47 | D.92
32 0.08 .62 590 10.23 12.35 | 0.83
35 0.08 075 894 14.21 13.49 1405
36 0.08 1.38 8492 | 14455 13.03 | 1.12
37 0.08 1.99 781 11.86 12.93 ! 0.92
38 0.08 2.41 6.93 1025 12.53 l 0.82
EAN 1.02
COFET, OF VARIATION 12.1%

¥

TABLE 6.1

Vv
T

1

1

=T

Using equation 4.5 with
=V

and experimental values of fé

COMPARISON OF EXPZRIMENTAL AND
THEORETICAL RESULTS -

MNODE 1
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Beam B T Vv M Ml M
Mo. KNe XN KNm Kl My
1 0.20 2.53 8.23 13477 13410 1.05
3 0.20 0.00 .63 15.75 13.83 1e14
9 0.20 2.38 875 1362 13.24 1.03
10 0.20 .11 18.98 14410 1347 1.05
11 0.20 1.58 9.16 14.94 1360 1.10
12 0.20 0.38 8.95 14410 12.61 1.12
13 0.20 0.94 10.08 16.31 13.30 1.23
14 0.20 0.00 1049 17.10 14.34 1.19
15 0.20 1.91 7.36 13.23 13.43 0.99
16 020 0.96 9.94 1784 1456 1.23
17 0.20 1.57 Be70 14496 13.72 1.09
18 0.20 2.16 7.24 12.29 13.31 0.92
19 0.20 | 2.45 7.26 12.63 14.04 0.90 |
22 020 1 259 7449 12.00 14.28 084
H
25 0.08 @ 000 Belily 13.77 1369 1.01 |
26 ' 0.08 . 0.00 7.92 14.31 13.40 1.07 |
28 ! 0.08 ; 079 774 14.11 13.04 1.08
29 | 0.08 1449 7.45 13.57 12.87 1.05
30 0.08 2.20 679 11.94 12.78 N«93 1
31 0.08 2.33 6465 11.42 13.00 0.88 |
32 0.08 2.62 590 10.23 12.46 D82
35 0.08 0.75 B.94 14.21 13.84 1.03
36 0.08 1.38 8.92 14455 13.27 1.10
© 37 ' 0.08 1.99 7.41 11.86 13.22 0.90
38 0.08 2.41 6+93 10.25 13.05 0479
}fIEJC-I 1.02
COZFFT. OF VARIATICN 12.0/

# Using equation 4.5 with

V1=V
T1=T

f' = 0,8 7°¢
Cc cu

TABLE 6.2 CO:PARISON OF EXPERIVENTAL AND

THEORETICAL RESULTS
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Using e€quation 4,22 with T2

= 3 '
Both using fr2 = 1,32 fc

THEORETICAL RESULTS

TABLE 6.3 COMPARISON OF EXPZRIMENTAL AND

- LODE 2

Beam v T T, T T tv o v
T T? v TtV
No. kN kim klm 2 u2 u2 ["u2 u2.
0 14 .43 3.19. Leli4 1.31 1.19 D0.09 128
2 633 286 257 111 1.07 004 1.11
4 8.89 355 3.11 1«14 1.09 0.05 1.13
5 1.25 3.19 309 1.03 1.03 NDeD1 1.03
6 13.09 2.79 244 1«14 1.05 | 008 1.13
7 el16 2.93 274 1.07 1.04 0.03 1.07
20 0.26 2.93 2:73 1.07 1.07 0«00 1.07
21 0«24 3.02 3.05 0.99 0«99 0«00 099
23 0«41 3.48 2.90 1.20 1.20 0.00 1.20
27 .01 2.80 265 1.06 1.06 0«00 1.0A
33 558 2.92 2.95 0.99 0.96 N.03 0«99
34 4.50 3«60 2.58 140 1.36 N«03 1.39
39 517 349 P.82 1.24 1.20 D03 1.23
40 369 366 2.97 1«23 1.21 0.02 1.23
41 10.94 3.19 2.69 1.19 1.11 0«06 117
MEAN 1.14 1.14
COEFFT. OF VARIATION 10«2% 9.8%
* Using =squation 4.22 with Vz =V
t Using equation 4,22 with T2 = T and Vz =V
Both using frz = fr
Beam v T T T T tv T Vv
2 T, T T (T
No. kN ki kNm 2 u2 u2 u2 u2
0 1443 3.19 2.82 1.13 104 0.08 1.12
2 $«33 2.86 3.02 0.95 0.91 0.03 0«95
4 8 +89 3455 3.21 1.11 1.06 0.04 1.10
5 1.25 [ 3.19 3.28 0.97 0.97 0.N1 N«97
6 13.09 2,79 2.79 1.00 0.93 0.N7 1.00
7 Q416 2.93 3.03 097 094 0.02 0.97
20 026 2.93 3.20 0.92 0«92 000 0.92
21 0«24 3.02 3.18 0.95 0.95 0.00 0.95
23 041 348 3.22 1.08 1.08 000 1.08
27 0.01 2.80 2.96 0.94 094 0.00 094
33 5.58 2.92 2.96 N.99 096 003 0.99
34 4150 360 3.03 1.19 1.16 D.02 1.18
39 5«17 349 3.09 113 1.10 Ne03 1.13
40 3.69 366 3.02 1.21 1.19 D.N2 1.21
41 1094 3.19 2.95 1.08 l1.02 N.06 1.08
MEAN 104 104
COEFFT. OF VARIATION 9-3% 9-0%
* Using equation 4.22 with V2 =V
1 =Tand V_, =V
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2
Beam| X T T T |treP |t x Y 1
0 T, T N T,
o, k¥m klm Mm 3 u uld ul} ud
20 =011 2.93 257 114 123 | =006 1.29
21 -0.10 "' 3.02 3.05 099 0.93 | =005 098
23 0.13 348 2.88 1.21 156 0.07 149
27 0.33 280 2.77 1.01 1.20 0.18 1.03
MEAN 1.09 1.19
* Using equation 4,24 with MS = M
t Using equation 4.24 with TS = T ana M5 = M
Both using er = fr
. ) 2
Bean 3 T T r |t T] tow [T] :.:
3 T i 3T -l
T T' e L M
10 kiln kim kMm b ud ud K
20 ~0.11 2.93 2.58 114 122 | =006 1.28
21 ~0.10 3.02 2.63 1.15 1«25 | =005 130
23 0.13 3.48 2.79 1.25 1.67 0.07 1.60
27 033 280 286 0.98 1413 Nel7 0.95
MEAN 1.13 1.28
* Using equaticn 4.24 with 55 = M
f Using equation 4.24 with T3 = T arnd Hﬁ = M

Both using f_, = 1.1.50.8 £

TABLE 6.4 COIPARISO!! OF EXPERIIENTAL AMD
- MODE 3

TdEORETICAL RESULTS
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Dean fo bz Pez ©
Mo *femn® rybmz :p&m@ mm

I-1 47,2 8.41 4,55 16.5

I-2 47.2 3.41 4,55 37.6

I-3 49,5 371 5.51 38.1

I-4 49,5 5.7 4.83 3753

I-5 32.7 3.79 5.35 31.0

I-6 39.7 3.79 5417 33.8

I1-7 51:1 3.94 4.62 595

I-8 51.1 3,94 4,69 22.2

liran 46,9 e 4,02 -

Co=ff, of

Vars . 10.0 5.6 7.6 -
bean i : ! X 355

Yo ki kMa KN ‘ _

I-1 90.4 0.0 46,3 oD 1
I-2 81.5 340 41.6 81.5 1

I.-3 87.7 25 44,8 35.1 1
I-4 82,1 4.4 41.9 18,7 1
I1-5 0.0 13,5 0.0 0.0 2
I-6 48.4 73 517 6.6 2
I-7 10,2 11,8 12.8 1.7 2
Y =8 31.6 9.6 21.4 5.3 2

TAELE 6.5 McHULLEN'S RESULTS
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VEDE 1
*
Sean T v ot Mi ) A
No. kNm ki k¥m XMm If:.l
I -2 1.00 41,60 81.50 77.16 1.06
I - 3] 2.50 44,80 87.70 81.25 1.08
I - 4| 4,40 41,¢0 82.10 77 443 1,06
LEAN 1.11
COEFFT. OF VARIATIOY 8-
¥  Using equation 4,5 with V1 =V and E[‘1 =T
vith experimental values of f‘é
WODE 3
Beam I ~ 5 only
* t t 2
X T T T T M T !
5 T T %, Tl I
o klin kim 3 ud ud ud “ud
1 C.00 13.50 13,97 0.97 0.93 0.00 0.93
2 0.00 13.50 12.01 1,12 1.26 0.co 1.26

* Usirg equation 4.24 with }’:{5
t  cing equaticn 4.24 with T
Line 1 using f'r

Line 2 using f'r

"TABLE 6.6

3

3

1

3

f
r

0.93 ¢t
C

M

T and 1-:3 =1

-

COMPARISON OF EXPERIMENTAL AMD

THZCRETICAL RESULTS BY MeMULLEN
¥ODES 1 AXD 3
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Beam Vv T T T
]
Vo. kn pogin! Mn 2 u?2 u?2 u? u2

I-5] 0.00 13,50 | 10.41 1.30 1.30 0.C0 1.30
I~6131.70 | 7.30 9.52 0.77 0.71 0.08 0.72

I - 8] 21,40 8.60 9.84 0.98 0.92 0.05 0.98

VEAN 1,04 1.04

COZFrT. OF VARIATION 227 215

¥ Ueing equation 4,22 with Vz =V

T Using equation 4.22 with 'I2 = T and V2 =V

Both usinrg frZ = fr

Bean | V A r (Yo [ty [¢ . ¥
2 T T T T T

No. ki klm klm 2 u2 u2 ["u2 u2

I~-25|0.00 13.950 | 10.42 1.30 1.20 0.00 1.20

I -6(31.70 7.20 9.52 | 0,77 0.71 0.08 0.78

I - 7]12,.80 11,20 | 10.42 1.03 1.05 0.03 1.08

I - 8/[21.40 9.60 | 10,21 | 0.94 0.89 | 0,05 | 0.94

LEANY 1.02 1.03

COIFFT. CF VARIATION 22 21%

* Using equation 4.22 with ‘."2 =V

1 Using equation 4.22 with Ty =TandV, =V

+ =4 - 3/
Both using frz = 1.11 Jfo

TABLE 6.7 COKNPARISON OF EXPERIMWNTAL AID
TIEORTTICAL RESULTS BY LcMULLEN - XMODE 2
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7. CONCLUSIONS AMND RECOMMENDATIONS

In this investigation the behaviour of prestressed concrete beams
loaded in combined torsion, bending end shear has been examined.
Theoretical expressions for the prediction of the ultimate conditions
have been derived,

The following conclusions and recomnendations are based on tests on
forty rectangﬁlar post-tensioned, unbonded beams containing no stirrups

and are not necessarily applicable to other types of beams,
7.1. Conclusions

1. Under high lI/T ratios, failure of the concrete at the top of
the beam is considered to be governed by the Cowan failure criteria under
a combination of direct and shear stress; the latter is taken as the
summation of stress due to torsion and to shear force, This NMode 1
skew bending failure predicted by the analysis occurred in practice in
twenty five of the beams tested.

2. The theory for a Mode 1 failure has been presented for use
where dowel action is present at right angles to the tension steel, as
in the author's beams, It may easily be modifiied for cases where
lateral movement of the steel in the duct is possible,

3. Under lower u/T ratios a MNode 2 type of failure occurs, where
a compression hinge forms on a side of the beam. The skew theory
developed leads to a linear relationship between torque and shear,
Feilure is assumed to occur when the maximum tensile stress reaches the

modulus of rupture of the concrete. TFifteen of the beams tested failed
in this mode,

4. For eccentrically prestressed beams subjected to low moments

& Mode 3 type of failure may occur, where the compression hinge is at
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tne bottom of the beam., This did not take place in the author's test
beams, Theory shows the relationship betwsen moment and torque to be
parabolic, and independent of shear. Failure is again assumed to occur
when the maximum tqnsile stress reazhes the modulus of rupture of the

concrete,

5. TFor the twenty f'ive beams failing in lode 1, the mean ratio of

M

test / ¥ is 1,02 with a coefficient of variation of 127,

theory
. .For the fifteen beanms failing in Mode 2, the mean ratio of

: test / T is 1.04 with a coefficient of variation of 9.

theory

6. A theoretical moment/torque/shear interaction surface is
proposed and has been drawn for the author's beams, It has only been
substantiated by test results in regions of low shear force.

7. Flexural stiffnesses of the beams agreed reaso§ably well with
the theoretical values, The Series 2 beams, with four small diameter
prestressing wires, were slightly less stiff than the Series 1, with
one large dismeter alloy bar, ‘

8. Torsional stiffnesses of the beams were less than the
theoretical values for both series, The formation of bending cracks
hardly affected the torsional stiffness,

9. It is not possible to predict crack angles with any degree
of accuracy. The theory proposed is ﬂased on a rectangular plane of
failure, and takes no account of the changing value of the moment along
the length of the beem, This can obviously be very great over a
failure length of over 1 m,

10. Iongitudinal strain gauge readings were useful on beams
tested ‘under moment only, enabling the bond slip factor to be deduced.
On other beams the results were not so useful, as only rarely were the

gauges placed on the failure section.
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7.2 Recommendations

It is not yet possible to formulate good design procedures for
prestressed concrete beams under combined loads. The number of test
results are so far very few, and do not cover many important aspects.
Each investigation requires mény tests, in order to reduce the effects
of scatter., This might be done by a combination of a small number
of full scale tests with a largé number of model tests, where
appropriate, Investigations into the following are suggested :=-

1. The differences between pre- and post-tensioned, with
grouted and unbonded tendons.

2. The effect of duct size on the creation of dowel forces,

3. The eff'ect of beam size, This is known to affect the
modulus of rupture. If the size effect is not too great, or can be
interpreted, then many more model tests may be carried out,

4, The effect of prestress level and eccentricity.

5. The effect of varying the ratio h/£ for rectangular beanms,

6. The effect of stirrups on the cracking and ultimate
conditions,

7. A theoretical analysis into failures near the intersection.
of Modes 1 end 2.

¥hen these investigations have been completed it should be
possible to establish design formulae for rectangular beams,

Finally, the effects of shape of section should be examnined,

to cover box, tee and I - beams.
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8. APPENDIX

8.1 THE DATA IOGGER

The Series 2 test readings were taken using an 'Intercole Systems
Compulog'. This data logger incorporated a compﬁter, which processed
the readings as required so that the information printed out by the
teletype was immediately useful. A programme 'Constrain' was in
existence for converting voltages from strain gauges into true strain
readings. A new programme 'Constrain 2' was written by the author to
ensble readings from linear transducers (L T's) and load cells
(I C's) to be printed out directly in mm and kN respectively.

The linear transducers (used in place of the dial gauges in
Series 1 tests) were Ether PD 20, 10 k.n. potentiometer type with é
claimed accuracy of .15% of the maximum voltage. The constant
voltage input was somevhat less than 5 volts; an output of this
value cArresponded to a movement of 50 mm. The actual sunnly voltege
wes nmonitored on one channel of the data logger, but did not vary
significantly from the value of 4.56 Y .01 V originally set up. The
constant of 11.25 entered into the computer was an average value
obtained from a calibration run on two transducers,

The load cells were used to measure vertical load, torsional
load and load in each of the four prestressing wires. They were
layes Nodel 403 type compression load cells with capacities of 100,
50, 30 and 10 kN. A constant voltage of 4.90 I .01V was applied,
and the constaﬁts fed into the computer were obtained from calibration
runs of two load cells, The claimed accuracy is 0,255 of applied
load.

lotes on the 'Use of Constrain (2)', the programme itself and

examples of the data input and output are reproduced overleaf,
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USE OF CONSTRAIN (2)

This programme is & development of 'CONS%R&IN' and is contained on
a t;pe in binary form. It is fed into the data logger on tﬁe high
speed reader, ¢
Entering the Programme

1. Reset

2. Stop

3. P down, enter 2,F,B,B (0010, 1111, 1011, 1011)

4, I, X end A enter O

5. Fkun

6, Check A =20

P=1, ¥, E, 0 (0001, 1111, 1110, 00CO)
Running the Progrenmme
1. Pecset
2. Stop
3. P down, enter 0, 8, 6, A (00CO, 0110, 0110, 1010)
4. I, X end A enter O
5. PRun
The teletype now prints - CONSTRAIN (2)
'ZZD EASIC DATA
PAUSS
and awaits the data tape, which sgain is fed in via the high
speed reader.
Punching the Data Tape
HI CR IF SPACE3/TITIE/SPACES (total exactly 50) HI
CR IF ITYPGA, NTPRO, NTYPLT, NTYPLC HI
CR IF NOTYGA, INCIANL, NCIA'H, GF, GR, E, PR HI
CR IF (repesat for each type of gange) I
CR I¥ YOTYGA, NCHANL, NWCHAMNH, NCIANV, CVALUE HI
CR I¥ (Repeat for each typve of linear

transducer and load cell) HI



Notes

CR Carriage Return

IF Line
HI GHere
NTYEGA
NTYPRO
NTYPLT
NTYFLC
(BUT totel
NOTYCGA
I'CHANL
INCHANH
GF
GR
E
FR
ZOTIGA
ICHANL
NCHATH

NCHANV

CVALUE

Feed

Is

Mumber of tyﬁcs of strain gauge (0 = 10)

Zero (at .mcment)

Number of types of linear transducer (0 - 10)
Hunbcr of types of load cell (0 - 10)

no. of types of GA, LT & LC limited to 10)

Type number of strain gauge (1 - 10)
Lowest channel number of GA (0 - 99)
Highest chernel number of GA (0 - 99)

Gauge factor of strain gauge e.g. 2.10

Gauge resistance of gauge e.g. 120.0

Young's Nodulus e.g. 12,0E+03
POiSsCx‘.‘s Ratio elgl 0. 15
Type number of LT or IC (1 - 10)

lowest channel number of LT or IC (0 - 29)
Highest chennel limited as above (0 ~ 29)

Voltage channel nurber but maximum no.

of 10 ' (0 - 99)

Toad Def'lection

Conversion factor output volts °F output volts

for LT or IC ' e.g. 5.000

Operation of Programme

After PAUSE the computer awaits the data tape,

1. Feed data tare into high spced reader

2 Press

Run. The teletype now prints out all the data

'supplied, and then asks 'LOAD IINCREMENT NO. 2!

117
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3. Type O, CR. The computer zeros all strain gauges, reads
IT's and then IC's, storing all the zero readings as VZZRO
(I,7) znd then prints all channels.

4. After the next load has been applied, type 1, CR

The computer reads and prints all channels,

5. Continue to last reading.

6. To start again type O, CR and all readings will be re-

zeroed,

| 7. To start a new test, type - 1, CR

~ Teletype prints 'FEED EASIC DATA
PAUSE!
and return to 1 above
8. If 'SCALZ ZRROR' is printed, switch to manuzl, scale 8,
and check which reading exceeds 99C0, Disconnect that
chennel, press RUN, thren the required load increment no,

to restart,
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CONSTRAIN (2)
DIMENSINON NCHANLC10)Y>NCHANHCI0),NCHANUC10Y->DATACL10D0)Y»
JBALC100),KSC

1ALE(9),CVALUEC10)>EC10)5PRC(10),VZEROC10,30),NOTYGAC10)
CALL EIN

KSCALEC1) = 1
KSCALF(2) = 2
KSCALE(3) = 5
KSCALEC4) = 10
KSCALE(5) = 20
KSCALE(6) = 50
KSCALEC7) = 100
KSCALE(8) = 200
KSCALE(9) = 500

1 WRITE(1,2)

2 FORMAT(/720%X,1SHCONSTRAIN (2)/7/717THFEED BASIC DATA )
PAUSE
WRITEC1,3)

3 FORMAT(8/)

READ(3,4)
WRITEC(l,4)

4 FORMAT(SO0H )
READ(3» 6)NTYPGA» NTYPRO> NTYPLTs NTYPLC
WRITEC1,8)INTYPGA»NTYPROs NTYPLT, NTYPLC

8 FORMAT(////28H NO OF STRAIN GAUGE TYPES = ,12/

1 28H NO OF ROSETTE TYPES = ,12/
2 28H NO OF LINEAR TRANS TYPES = »12/
3 28H NO OF LOAD CELL TYPES = .12/
6 FORMAT(416)
WRITEC1,510) _
10 FORMAT(68H GAUGE FIRST  LAST VOLTS GAUGE

31
15

30

33

17

18
16

GGGAUGE ANGLE YOUN

1G'S POISS /68H TYPE CHAN CHAN CHAN
FACTOR RES DEG
2 MODULUS RATIO /)

IF (NTYPGA) 30,30,31

DO 15 I =1,NTYPGA

CALL STRGIN(NOTYGACI)>NCHANLCI)>NCHANH(I),FE(I),CVALUECI),
PRC(IY)

NR1=NTYPGA + 1

NRL= NTYPGA + NTYPRO

IF (NTYPRO> 32,32,33

DO 16 1 = NRI1,NRL

CALL STRGINC(NOTYGACI)>NCHANLCI)>NCHANHCI)»ECI),CVALUE(I),
PRCID) ’

IF (NOTYGACI)Y - 100) 16,17,17

NCHL = NCHANLC(I)

NCHH = NCHANH(I)

DO 18 J = NCHL,NCHH

READ(3, 11 YANGLE

WRITE(1,12)ANGLE

CONTINUE
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12
32

34

20

13

35
14

36

37

52

53

54

55

56

-39

38
41

57

44
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CUNSTRAIN (2) = CONTINUED

FORMAT(F8.2)
FORMATC40X2F7.2)
NDl = NRL + 1 .

NDL = NRL + NTYPLT
NWwl = NDL + 1
NWL = NDL + NTYPLC

IF (NTYPLT + NTYPLC) 35,35,34

DO 20 I = NDI1.NVL

READ(3513) NOTYGACI),NCHANLCI)»NCHANHC(I ) NCHANUCI),
CVALUE(I)

WRITEC1,13)NOTYGACI )>»NCHANLCI)>,»NCHANHCI ) NCHANVC(I) >
CVALUE(CI)

FORMAT(4165F9.4)

WRITEC1,14)

FORMATC(///7/722H LOAD INCREMENT NO? )

READ(1,9) LINC

FORMAT(I10)

IF (LINC)Y 1,365,356

IF (NTYPGA + NTYPRO) 38,38,37

DO 39 I = 1,NRL
NCHL = NCHANL(CI)

NCHH = NCHANH(I)

DO 39 J = NCHL.,NCHH
JSCALE = 0

CALL CHAN(J,JSCALF.,0)
Jl = J + 1

IF C(LINC)Y 53,53,54

CALL IAUTOC0,IBAL)
JBALC(J1) = 1IBAL

IBAL = JBAL(J1)

CALL COMP(CIRAL)

CALL DUNMCJDATA)

IF C(IABSCJDATA) - 9900) 56556,55
JSCALE = JSCALE + 1

1SCMAX = JSCALE - 9

IF (ISCMAX) 52,6060

JSCALE = JSCALE + 1

DATA(J1) = FLOATC(JDATAY*FLOATC(KSCALF(JSCALE))
CONTINUE

IF (NTYPLT + NTYPLC) 40,40,41
DO 42 I = ND1,NWL :

NCHL NCHANL (1)

NCHH NCHANH( 1)

DO 42 J = NCHL,NCHH

JSCALE = 0

CALL CHAN(CJ,JSCALE,0)

Jl = J + |

CALL DUMCJDATA) :

IF (IABSCJDATA) =-9900) S8:58,44
JSCALE = JSCALE + 1

ISCMAX = JSCALE = 9

n



58
42

65

64

63
62
40
45

69

46
a7
68
71

49
50
48

66

60
61
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CONSTEAIN (2) - CONTINUED

IF (ISCMAX) 57,A0560

JSCALFE = JSCALE + 1

DATA(J1) = FLOATC(JDATA)*FLOAT(KSCALE(JSCALE))
DO 62 I = NDl,NWL

J = NCHANV(I)

JSCALE = 0

CALL CHAN(J,JSCALF50)

CALL DVM(JDATA)

Jl = J + 1

IF (IABSC(JDATA) = 9900) 63563,64

JSCALFE = JSCALE + 1

I1SCMAX = JSCALE - 9

IF (ISCMAX) 65,60,60

JSCALE = JSCALE + 1

DATA(J1) = FLOAT(JDATA)Y*FLOAT(KSCALE(JSCALE))
WRITEC(1545)

FORMATC(/18H CHAN NO RESULT /)

IF (NTYPGA + NTYPRO) 68,68, 69

DO 46 I = 1,NRL

NCHL = NCHANL(CI)

NCHH = NCHANH(I)

DO 46 J = NCHL,NCHH
Jl = J + 1

V = (DATAC(J1))I*CUALUFC(I)
VRITEC(1.,47)d,V
FORMAT(IG,2%sE12.4)

IF (NTYPLT + NTYPLC) 355,35,71
DO 48 I = ND1l,NWL

NCHL NCHANL(I)

NCHH NCHANH(I)

DO 48 J = NCHLsNCHH

Jl = J + 1

U = (DATA(J!))*CVALUE(I)
IF (LINC)Y 1,49,50
VZERO(I,J1) = U

V =U - VZERO(I,J1)
WRITEC(1,47)J5V

DO 66 I = NDI1,NWL

nu

+J = NCHANV(I)

Jl = J + 1

V = (DATACJ1)I*(1.0E-06)
WRITE (1,47) J,V

GO TO 35

STOP -

WRITE (1,61)

FORMATC(13H SCALE ERROR )
PAUSE

GO TO 35

STOP

CALL LPFAIL

END
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CONSTRAIN (2) = CONTINUED

SUBROUTINE

SUBROUTINE STRGINC(NOTYGA,NCHANL,NCHANHs Es CUALUEsPR)
READ(3,10) NOTYGA>NCHANL»,NCHANH,GF»GRs Fs»PR
WRITEC1,11)NOTYGA>NCHANL>»NCHANH,GF,>GR» E»PR

CVALUE = (20000.0 + GR)/(GR*GF*8.383333FE 7).
FORMAT(3I17sFT72sF725FE103,F7+2)
FORMAT(316s9X5F6¢25F8:2,8%X,E1035,F7:2)

RETURN

END

122



EXAVPLE AND EXPLANATION OF DATA LOGGER INPUT AND OUTPUT

NO OF STRAIN GAUGE TYPES

NO OF

NO OF LINEAR

TEST BEAM NO 25

ROSETTE TYPES

TRANS TYPES

NO OF LOAD CELL TYPES

GAUGE

TYPE CHAN CHAN CHAN FACTOR

1
2
3

4
)

nmun

) == O

125

FIRST LAST VOLTS GAUGE GAUGE ANGLE YOUNG'S POISS
RES DEG "MODULUS RATIO

0
15
18
20
22

14
16
18
21
23

17
19
19
19

LOAD INCREMENT NO?

1s

CHAN NO

e~ Q0ww—o

RESULT

=+1071E-03

«ST45E~-04
«2099E-04

«1270E-03

]

«1138E~03
«STH45E~-04
+1767E-04
«1347E~-03
«9944E-04
«49T72F~04
«2320E-04

*«1403E-03

+8839E-04
+6076E-04
«2430E~04

«B2B0E+06
+5962E+06
<6641+ 04
«A148E+01]

«4156E+01

«0000E+00
-«9960E+01
“4B4TE+01
«A924E+D1

217

11.250

[ I T I T T I 1 I 1|

8.299
4.150
2.490

17F6

0,83 mm
0.60 mm
4,66 kNN
0.004kN
0,004kN
0.CO0kN
0.010kN
4,85V

4,92 V

100.0 «160E+05 15

Values of strain :=

strain gauges 0 - 14

Deflection under lozd
Def'lection at y = 17CO mm
Load VW

Increase in foree.in

P/S wires - top

Ircrease in force in

P/S wires ~ bottom

Irput voltage - L T
Input voltage - L C

Ignore signs
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8.2 THE EEVLETT-PACKARD 9830 COMPUTER

This desk-top machine, programmedhin BASIC wﬁs used to calculate
the theoretical results, In conjunction with a teletype and an
X - Y plotter, comparisons of results were %abulated and graphs
plotted,

Examples of the programmes used in the compilation of the tables
in Section 6 are given overleaf,

An example of a orogramme used to compare control tests results

graphically, in Section 3, is also printed.



; 125
HEWVLETT - PACKARD '9830° PROGRANMME - THEDRY - MODFE 1,SFFIFS 2

10 DIM ASC25]
20 READ DsE»Al15,A2,D9,D8,D5,8
30 DATA 7052¢5:778577+8,152:87,0,0.08
40 FOR 1=25 TO 41
50 FIXED 2
60 DISP 1
70 WAIT 100
80 LOAD DATA I,A
90 IF ACl43=1 OR AC14)=12 THEN 110
100 NEXT 1
110 M=ACL113*1E+06
120 V=AC131*%1E+(03
130 T=AC121*1E+06
132 IF AL6)>0 THEN 140
134 P1=AC8I4C(1+6*xAL191/7AL21])/ALS5]
136 GOTO 150
140 P1=AL81I*C1+6*%AL19174[21])/ALA]
150 P9=267.7*ALB1*AL19]
160 P8=17400%AC81-P9
170 P7=0
180 1F T>0 THEN 210
190 TO=0
200 GOTO 220
210 TO0=SQR(Mt2/T12+1+P1)-M/T
220 Q=ATN(TO0) .
230 C0=B*12%(D9-D)/D/(COSCQY)I12
240 L1=D8=-0.375*D
250 L2=D9-0.375%D
260 D7=T*xL2/C(L212+L112)
270 D6=D7*L1/L2
260 Cl1=B*D7*E*T0/Al
290 C2=(D8=-DY/(D9-D)
300 C3=(P7+P8+P9)X*COS(QI+(DH+DT7I*SINCQ)
310 C4=2*nC(201/3%D/COSCQ)D
320 CS5=A1*#C0OSCQ)
330 C7=a2*C05¢Q>
340 F0=C(C3-Cl1*(CS+CT7*C2))/(C4-CO0*x(C5+C7*C2))
350 F2=C2%(C0*F0-C1l) :
360 C6=((P8+A2*%F2)%(D9-DEI+P7*(D9-D5))*COSCQ)
+D6*x(DI=-DBIXSINCQ)
370 D1=(D9=-(M*xCOSC(QI+T*SINCQI+C6I/(C4*FD0))I*8/3
380 IF SQRC((D-D1)t2)<1E-02 THEN 420
390 D=(D1+D)Y/2
400 DISP D
410 GOTO 2340
420 A0=(2%AC201/3)*%D*0.8%A[2]%L2
430 M9=0.125%(3*%A0+5%¥SAQRCAN12~16*%(DOH+DT7+V)12%L212))
440 M0=MI-(PB+A2*F2)*x(D9-D&) - P7*(DI-DHI
450 DISP M*1E-06,MO0*1E-~06
460 WAIT 1000
470 1IF (M-M0)>12<1E+06 THEN 500
480 M=M=-(M-MDI/74
490 GOTO 180
500 WRITE €(15,510)I,B,AC121,AC133,AC0111,M*1E-06,AC113*1E+06/M
S10 FORMAT 12XsF3¢0s2XsF6¢2s2X5F6253XsF6:.2:3%X,F6.2,3%
' F6e2:2%sF62
520 NEXT 1
530 END



HEWLETT - PACKARD '9830°' PROGRAMME - THEORY - MODE 2

10 DIM ASC251,BSLS031,CSC501]

20 S1=Y1=52=Y2=N=Y3=Y4=M1=M2=53=54=yY3=y4=0

30 FOR I=0 TO 41

40 LOAD DATA IsA

50 IF AC141=2 OR A(141=2 OR Af141=2 THEN 70

60 NEXT 1

70 F=AL6]

80 GOTO 130

90 F=0.87*%(1+6450/7AC201%ACL201)*xEXP(C(LOGCAL31]1)>)/3)
95 GOTO 160

100 F=0.87*%(1+6450/7AL201%xAL201)*EXP(C(LOGC(0.8%AL21))>/3)
105 GOTO 160

110 F=6.13*EXP(LOGC(AC31/AL2013/3)

115 GOTO 160

120 F=6+.13%EXP(LOGC(0.8%¥AL2]/A0201)>/3)

125 GOTO 160

126 F=1+1*%EXPC((LOGC0.8%¥AL21))/3)

127 GOTO 160

130 IF F<0 THEN 150

140 IF F >= 0 THEN 160

150 F=ALS5]

160 P=ALC8]

170 v=AC13]

180 T=AC12]

190 B=AL20]

200 H=AC21]

210 K1=SQR(B/H)

220 K2=SCR(1+P/F)

230 T1=B*B*H*xF*K2*1E-06/(3+K1+0.35%K1%*SQR(P/F))
240 T2=T1-B*U*x1E-03/6

250 V2=6000*T1/B

260 S1=T/T2+S1

270 S2=T/T1+Usv2+52

280 BIN+11=T/T2

290 CIN+13=T/T1+V/sy2

300 N=N+1

310 FIXED 2

320 WRITE (15,330)AC11,VsTsT2sT/T25sT/T1,U/VU2,T/T14+U/U2
330 FORMAT 12X5F3e0,2XsF6¢25245F5:252X,F5+2,2X,F5.2,2X>
340 NEXT I _ F5.2,2X5,F5.2,2X,F5.2
350 M1=S1/N

360 M2=S2/N

370 FOR J=0 TO (N-1)

380 Y1=BL[J+11]1-M1

390 Y2=CLJ+1]1-M2

400 Y3=Y11t 2+Y3

410 Y4=Y212+Y4

420 NEXT J

430 S3=SQR(Y3/(N-1))

440 S4=SQRCY4/C(N=1))

450 VU3=S3%100/M1

460 V4=S4%100/7M2

470 PRINT

480 PRINT " "3"NO.OF RESULTS='"";N:"MFAN'; ;

490 PRINT "----fff--Ml";Ma

500 PRINT " ";"COEFFICIENT OF VARIATION '3

510 END nuouanu u-vq
> 2 Smmmasssese »



HEWLETT - PACKARD '9830°' PROGRAMME - THEORY - MODE 3

10 DIM ASC25],BS(503,CSCS50]
20 S1=Y1=52=Y2=N=Y3=Y4=M1=M2=53=54=U3=y4=M5=M6=0

30

INPUT 1

40 LOAD DATA I,A
50 GOTO 60

60

F=Al6]

70 GOTO 180

80
.90

100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390

400

410
420
430
440
450
460
470
480
490
" 500
510
520
530
540
550
560

570
580

F=0.87%(1+6450/AC211*AL211)*%EXPC((LOGCAL31))>/3)
GOTO 200

F=0-87*(1+6450/At21J*AtzlJ)*EXP((LUG(0-8*9(23))/3)
GOTO 2060

F=6.13%¥EXP(LOGC(AC3]/7AL211)/3)

GOTO 2060

F=6.13%¥EXPC(LOGC(0.8%xAL2])/A0(211)/3)

GOTO 200 )
F=1.1*%E4AP(C(LOGC0.8%AL2]3>/3)

GOTO 200

IF F >= 0 THEN 200

F=A[(S5]

P=A[8I*(1-6%AL19]1/7A0(211)

M5=40111

T=AL12]

B=AC20]

H=A[21]

K1=SQR(H/B)

K2=SQR(1+P/F)

IF P >= (0 THEN 300
T1=B*H*H*FkK2*1E-06/(3+K1+K1*P/F)

GOTO 310
T1=B*H*xH*F*K2*1E-06/(3+K1+0.35%¥K1*SQR(P/F))
M6=B*H¥xH*xF*(1+P/F)*1E-06/6

T3=T1*SQR(1+M5/M6)

S1=T/T3+S1

S2=(T/T1)12-M5/M6+52

BILN+11=T/T3

CIN+11=(T/T1)>12-M5/M6

N=N+1

FIXED 2

VRITE (155,400%AC1)sMSsT>T3sT/T35(T/T1)1t2,M5/M6,
(T/T1)Xt2-M5/M6 )

FORMAT 8XsF4e052X5F6252XsF6e252X35F62:2X5F52,
2X3F5«2,2X5F5:2,2%,F5.2

GOTO 30

M1=51/N

M2=S2/N

FOR J=0 TO (N=-1)

Yi=B[J+11~-MI1

Y2=CLJ+11-M2

Y3=Y112+Y3

Ya4=Y212+Y 4

NEXT J

S3=SQR(Y3/(N-1))

S4=SQR(Y4/(N=-1))

U3=53*%100/M1

VA=S4%100/7M2

PRINT

PRINT " ";U"NO.OF RESULTS="';N; "MEAN" ;M1 3
PRINT W e "iMo

END "3"COEFFICIENT OF VARIATION *;

AL § Jc 3-0L L v

127
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ESWISTT - PACKARD '9830' PROGRAIME - TO DRAW FIGURE 3.9

10t SCALE 0:,7550:6.5

20 OFFSET 10,1

30 XAX1S 0.5

40 YAXIS 051

50 LABEL (*,2517»057710)
60 FOR X=10 TO 60 STEP 10
70 PLOT X501

80 CPLDT -3s-1.5

90 LABEL (320X

100 NEXT X

110 LABFL (*,2,1.7,0,7710)
120 FOR Y=1 TO S5 STEP 1
130 PLOT 0,Y»1

140 CPLOT =65-0.3

150 LABEL (320)Y

160 NEAT Y

170 DIM ASL25]1,BSC42,2]
180 INPUT PsQ

190 FOR I=0 TO 41

200 LOAD DATA I.8

210 BLI+1,131=A[P]

220 BLI+1,21=ALQ1

221 IF ACPJ<0 0B ALQl<0 THEN 290
240 PRINT Is5ACFJIs;ALCQ]

250 X=ACP]

260 Y=A[{C])

270 PLOT X»Y

280 PEN

290 NEXT I

300 STOP

305 LABEL (*#5351750,77102
310 LETTER

320 FORMAT 2F4.0

330 END

340 PLOT X=-0.2,Y+0.02

350 PLOT X+0.2,Y-0.02

360 PEN

370 PLOT X+0.2,Y+0.02

380 PLOT X-0.2,Y-0.02

390 PEN

400 NEXT I

410 END
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8.3 PFAILUEZT CrACK PATTZIRNS
The cracks at failure of the forty beams tested are shown in
Figs, 8.1 to 3,40 which follow.

The legend to each of the figures is as shown below

¢~_ﬂ__,//A-"/ crack
<:::::::::>§=_ area missing

i ~
1 : grca crushed
2 gtrain gauge and no,
o 2090 'Demec' gauge and no.
‘.If
lozding nlate
sunnort
, . R distance in mm from
600 700 200 lef't hznd supnort

(scale 1/5)
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8.4 T.E MRASURELEMT OF DEFLECTIONS AYD ROTATION

Deflections

These were measured directly either with dial gauges or with linear
transéucers at either two or three points along the span., The load/
deflection curves have beer plotted in Figs. 8.41 to 8.44 for the
deflection immediately under the load.

Rotations

The rotations were measured by dial gauges or linear transducers
reading to ,01 mm on the end of the torsion arms ecach 457 mm long.

Series 1 |

In these beams the torsion arms were located 50 mm outside the
supports, i,e,, at 26C0 rm centres. Due to this arrangement, deflections
of the beams due to vertical lcad cesused decreased torsion erm readings.

In beams O - 9 the vertical load was applied first, and then the
torsional load., Change in rotation due to vertical load has in this
case been ignored, zero rotetion being assumed to te for maximum vertical
load and zero torsional load,

For teams 10 - 22 the verticel load and torsional load were increased
in the same ratio. The etffect of the vertical load has been allowved for
by taking a proportion of the readings taken, on the ajplication of the
20 kY settling down load, which was applied at thc start of cach test.

Series 2

In these beams the torsional arms were modif'ied to be ¢ver esch
supoort; the measurements thus gave the overall rotation of the bean
directly, over a length of 2500 mm,

The torque rotation curves are given in Figs. 8.45 to 8,49,
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8.5 DIT=RINATION O ZOXND SLIP FaCTORS B

The bond slip factors B used in Section 6 have been determined from
strain gauge and load cell reaﬂingg taken during the loading of beams 3
end 14 ( Sories 1 ) ard 25 snd 26 ( Series 2 ).

As strain gasuge readings were not teken before prestressing, the
initial ccrncrete strains were calculated from the tendon force and
positicn, ard the experinental value of Young's llodulus for concrete.
Changes cf concrete strain on loading were measured directly by gauges.
In Series 1 beans, the steel bar was gauged and‘these readings have beeﬁ
plotted dir=ctly. In Series 2 teans the ste=l strains have been
calculetad from 4he load cell readings of force in each wire,

As can be seen from figs, 8.50 to 8.53, the strain distributions
were linsar, snd the ultimate concrete stirains at a level with the steel
can easily te extrapolated, and hence the valus of B determined,

Yalues of B assumed in the calculations :-

Series 1 beans 0.20

Series z_beams 0,038
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