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Preface
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The tests have been carried out with financial support from

- the Danish Council for Scientific and'Industriél Research.
Lyngby, September 1983.°
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NOTATION

o)

™ 6 8§ ©n

Torsional moment

The force in the reinforcement per unit length
(in the stirrup direction)

n, at yield in the reinforcement
The force in the reinforcement per unit length
(in the longitudinal direction)

ng at yield in the reinforcement

The compression force in the concrete per unit
length (in the direction perpendicular to the:
compression)

The shear force per unit length of the rectangle
formed by the corner bars )

Normal force in the x-direction (per unit length)
Normal force in the y—direction (per unit ieﬁgth)
The ¢ompression strength of the concrete

The split tensile_strength of thevconcrete:

The pressure per square unit just below the corner
bars :

= The yield stress in the longitudinal reinforcement .

= The yield stress in the stirrup reinforcement

Efficiency factor for concrete compression strength
Efficiency factor for tensile strength in the concrete

The side length of the rectangle formed by the longitudinal
reinforcement

The diameter of the longitudinal reinforcing bar located
at the corner of the cross section

Spacing of hoops
Angle of diagonal compression
Angle of friction

Half the apex of the wedge just below the corner bars



Summary

This report describes the results of 19 tests on reinforced:
concrete beams subjected to pure torsion. The beams all had
a square cross section and were reinforced with axial réinF
forcement and with stirrups at an angle of 90° to the beam

axis.

The purpose of the project was to determine the dependence of
the ultimate carrying capacity on the design of the reinforce-
ment and on the concrete cover over the axial reinforcement
(primarily for over-reinforced beams) . In addition, I wished
to clarify the crack development inside the beams, for which
reason, four of the test specimens were cut through after fail-

ure.

The report contains photos of these four sections together
with photos of the crack pattern on the surfaces of all the
beams. 1In addition, diagrams are given for each beam showing:

the course of loading

the distribution of rotations

the stress-strain curve of the beam
the strain in the reinforcement

the stresses in the reinforcement



Summary in Danish (Dansk Resumé&)

I rapporten refereres resultaterne fra 19 forsgg med armerede be-
tonbjalker pavirket til ren vridning. Bjalkerne havde alle kvadra-
tisk tversnit og var armerede med aksialarmering og med bgjler un-
der 90° med bjzlkeaksen.

Projektets formdl var at klarlagge brudbazreevnens afhangighed af
armeringsarrangementets udformning og af aksialarmeringens deklag
(primart for overarmerede bjzlker). Endvidere ¢nske&es en klarlag-
ning af revneforlgbet i bjalkens indre, hvorfor fire af prgvelege-
‘merne efter brud blev skiret over. )

Rapporten indeholder fotos af disse fire snit, ligesom den inde-
holder fotos af revnebilledet péd overfladen for samtlige bj=zlker.
Endvidere findes for hver bjalke kurver, der viser:

Belastningsforlgbet
Rotationsfordelingen
Bjzlkens arbejdskurve
Armeringstgijninger
Armeringsspandinger.



1. Test programme

1.1 Introduction

For normally reinforced beams, the problems relating to deter-
mination of the carrying capacity of reinforced concrete beanms
can be regarded as having been thoroughly investigated and the
theories developed have been substantiated by exhaustive test
material. ‘

>However, a different situation exists in the case of beams in
which the reinforcement does not yield at rupture: overerein-
forced beams. Here, both thedries and tests to illuminate the
problems are lacking. Therefore, with the intention of remedy-
ing this deficiency, a series of tests on 19 reinforced con-
crete beams subjected to pure torsion were carried out at fhe
Structural Research Laboratory of the Technical University of
Denmark in the autumn of 1975 and the spring of 1976.

1.2 _Purpose of the tests

-

The purpose of the tests carried out was to investigate the
carrying capacity of over-reinforced concrete beams subjecﬁed
to pure torsion. The following parameters were chosen as va-
riables:

1: diameter of axial reinforcing bars

2: design of the arrangement of the reinforcement
3: proof stress of the reinforcing bars

4: thickness of the concrete cover

The tests were carried out in two series. Series I was -
intended to clarify the influence of the design of the rein-
forcement for different qualities of reinforcement, while
series ITI was intended to clarify the dependence of the carry-
in capacity on the thickness of the concrete cover-
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1.3 Description of test specimens

Series I contained 8 beams, and series II 13 beams. Two of

the beams were common to. series I and series II (II¥2 and'I—3),
and three of the beams in series II were substitutes for poorly
‘made beams (II-6*, II-5* and II?G*).:

-

-All the beams had a length of 280 cm and there was a distance
‘of 200 cm between the loading devices (see fig. 11a). The lon-
gitudinal reinforcing bars were 283 cm long and extended 15 mm
~beyond the concrete at each end. The stirrup spacing (see
table 1) was chosen to give identical reinforcing force in the
direcfion of the stirrups and the longitudinal direction (de-‘
fined as yield férceper unit length). A condrete strength of
30 MPa was aimed at. The actual strengths are given in table 2.
In series I, the cross-sectional dimensions of all beams were
30 x 30 cm. The longitudinal reinforcement was arranged.in

two different ways¥*, using different grades of steei"(see

table 1). '

* (sée fig. 1, 2 and 3)

K12

L K12
Bjoelke nr.: IA1 - IA2
1B1 : IA3
1CO 1B2
1C1 _ I1B3

. Fig. 1.
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In series II, the arrangement of the reinforcement was kept
constant (shown in fig. 3), while the cross section was varied

as shown in fig. 4.
Beams II-4*, II-5* and II-6* were replacements for II-4, II-5
and II-6, the concrete properties of which tended to make them

act as sandwich structures (see section 2.1.2).



TABLE 1

-9 ~

Arrangement of reinforcement.

Axial reinforcement

Stirrup reinforcement

beam No. | dimension | number | grade (dimension | spacing |grade
mm mm mm
Ial 12 4 KS428 8 111 KS428
Ia2 6 16 KS428 8 128 KS428
1a3 6 16 . KS428 8 128 KS428
b1 12 4 KS60S 8 111 KS60S
Ib2 6 16 KS60S 8 101 XS608
1b3 6 16 KS60S 8 101 KS60S
1I-0 12 4 KS90S| '8 81 | . KS60S
II-1 12 4 KS90S| 8 81 KS60S
1I-2 12 4 KS90s| 8 81 KS60S. |
II-3 12 4 XS908|. 8 81 | kseos
I1-4 12 4 KS90S 8 81 | Ks60s
11-4* 12 4 KS90S 8 81 | Ks60s
1I-5 12 4 KS908 8 81 KS60S
11-5* 12 4 KS908|. 8 81 | xse0s
1I-6 12 4 KS90S 8 81 KS60S
11-6* 12 4 KS90S 8 81 KS608
I1-7 12 4 KS90S 8 81 | Kseos
II-8 12 4 KS90S 8 81 KS608
1I-9 12 é, kS90S 8 81 KS608
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Fig. 4.
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2. . Description of tests

2.1 Beams

2.1.1 Fabrication of beams

The beams were cast- in a steel form with

a wooden insert the

After 24 hours the beams were
the sides of the

size of which could be varied.
covered with wet sacks,and after 48 hours,
form‘were removed.
the fifth day.

The beams were cured under wet sacks until
The tests were carried out 14 days after

>casting, and for the last 10 days before
IWere stored in the Laboratory' tést room
about ZOOC and about 50% R.H.
charges, and at the same time 9 qoncrete

Each beam

"= 6 from charge 1 and 3 from charge 2.

testing, the beams
at a temperature of

was cast in two

‘cylinders were cast

Both-cylinders and
beams were vibrated by means of pneumatic poker vibrators.

2.1.2 Production of concrete

The same recipe was used for the concrete for all beams:

175

water 1/m3

concrete - - 246.6 kg/m3
gravel 868 kg/m3
stone - 1047 kg/m3 -

The cement was "rapid" portland cement, purchased in one con-

signment. The aggregates were marine materials, and fig. 5
shows typical grading curves for the gravel (0-8 mm) and stone

(8-32mm) .

It proved’ dlfflcult to arrive at the proper dosing because the
gravel contained varying quantltles of water (1-10%). Efforts
were made to determine the water content by evaporation on 3

specimens extracted immediately before casting.



- 12 -
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Fig. 5.

The measured values of the compression and tensile stress of
the concrete are glven_;n table 2, together with the varia-
tion factors. There wae a considerably bigger deviation on
the compression strength than is often‘found in other test
series. However, this was not due to a poorer quality of con-
crete, but to a more accurate strength determination.

.The normal procedure for producing the concrete beams is to

cast the beams in 2 (or more) charges immediately after each
other - on account of limited mixing'capacity. The moisture
content of the gravel is only determined once. The appurte-—
nant cylinders arevcasfhby filling the forms half way up with
concrete from the first charge and then to the top with con-
crete from the second charge. If there is a big difference
between the strengths of the two mixes, the measured value
will be very close to the strength of the weakest mix, and
the‘variation will be close to the variation for this. Owing
to this, the concrete strengths determined in this wey and the

relevant variations are sometimes .lower than actually apply—

ing to the beam (for this test series a difference of up to
50% was ascertained in the compression strength between the

.2 charges,veee also table 2, page 16).
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In order to avoid these sources. of error, only-whole cyiindérsv
were cast ﬁrom each charge (in table 2, page 16 , the mean -com-
pression strength and standard deviation are given both for
the weakest charge and for both charges). The differences in
strength for beamé II-4, II-5 and II-6 were so great that,
after improving the method of determining the water content of
the gravel, it was found reasonable to recast these beams (in-
dicated by *). '

2.1.3 Reinforcement

The type of reinforcement used was Swedish deformed steel
(weldablé) throughout. = This steel has a linear elastic -
perfectly plastic stress-strain curve (see fig. 10) and is
therefore suitable for tests. The following dimensions were

- used:

6, 8 and 12 mm
and the grades: 

ST 42 S
ST 60 S
ST 90 S

A small part of the steel (ST 42 S, & = 6 mm and ST 60 S,
'd = 6 mm) had been subjécfed to-unintentional cold working,
and was therefore normalized at 860 - 88D°C with subsequent
air cooling. The reinforcing mesh was all tied with binding

. wire.



2.2 Testin

2.2.1 Testing the concrete

.

The test cylinders, with a height of 30 cm and a diameter of
15 cm, were tested in the compression press shown in fig. 6.

A padding of 10 mm soft fibre board was used, and the loading
weight was about 4 MPa per min. 3‘cylinders from each batch
were tested (6 cylinders per beam). Table 2 shows the mean
value and standard deviation of all 6 chinders, together with
the mean value and standard deviation for the 3 cylinders from
the weakest batch.

Up to 3 cylinders from batch 1 were used for split tests in
the arrangement shown in fig. 7.



The mean value and standard deviation of the ténsile strength
calculated on this basis (Gt = %) is also given in- table 2.
~ The loading rate was here 04 MPa per min. '



TABLE

2

Concrete strengths.,

16 =

Compression Cgmpreséion- . 8plit strengths

strengths strengths’ -

mean value MPa | Weakest batch MPa | MPa
beam méan st. de- mean st. de- mean. | st. de-
No. value |viation value |viation value viafion
Tal | 29.08| 0.38 28.76| 0.14 3.41°F 0.12
Taz | 25.55| 0.62 | 25.10| 0.57 2.63 | 0.24
1a3 | 23.63| 1.50 22.33] 0.41 2.75 0.18
Ib1. | 28.24| 0.71 27.71| 0.50 3.34 0.01
Ib2 | 24.54| 0.54 24.24| 0.52 2.95 0.12
103 | 25.39 | 0.61 | 25.01] 0.73 2.99 | 0.17
11-0 | 23.79 | 2.16 | 21.98| 1.33 3.09 | 0.23
II-1| 26.17 | 1.47 25.00| 0.84 3.02 0.04
II-2 | 27.26 | 0.86 26.92| 1.05 3.31 0.17
II-3 21.61 0.35 21.57| 0.43 - -
11-4 | 23.20 | 2.82 20.69| 0.71 - -
1I-4%| 23.53 | 1.91 21.87| 0.19 3.05 | 0.16
II-5 | 22.68 | 3.95 19.18 | 0.29. - -
II-5% 26.41 1.15 25.54 | 0.36 3.12 0.03
T1-6 | 25.10 | 5.32 20.25 | 0.35 - -
II-6% 27.67| 1.26 26.57 | 0.57 3.40%| 0.40
11-7 | 27.55 | 1.01 26.71 | 0.41 - -
1I-8 | 21.80 | 1.890 20.49 | 0.77 2.96 0.14

21.95 | 1.30 0.17 - -

I1-9

20.78

"AfThese split strengths relate to the charge with the
highest compression strength. ‘
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2.2.2 Testing the reinforcement

The strength of the reinforcing bars was .tested

by means of

‘the Mohr-Federhaff 60 Mp ténsile-testing machine shown in

fig. 8.

The loading rate up'to yielding was about 4 Mp

per second.

The load was read on a manometer on the machine, while the

strains were measured with the extensiometer shown in fig. 9,

which consisté of 2 times 2 jaws that grip the test bar. The

jaws are connected in pairs by means of shear potentiometers,

and a measure of the strain in the test bar was
measuring the average of the relative change in

During the test; an automatic printer drew up a

curve for the reinforcing bar investigated. ' 1In

the stress-strain curves, one of which is shown

followed the same course.

obtained by
resistance.

stress—-strain
principle,
in fig. 10,



gty

Stress

Strain

J-

Fig. 10.
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‘Table 3 gives:

vield force
rupture force-
strain at yielding *

As the fluctuations in strength properties for the same grade
. and dimension proved to be insignificant, only the mean values
for each type of reinforcement are given.

TABLE .3

Steel strengths,

Grade | Dimension Pyield'kN - QYield o/oo Poit. kN'
o T ,
6 12,9 2.01 17.3
ST428 8 26.5 2.44 32.0
12 | _ 61.0 : 2.65 1130
6 19.7 3.05 C22.1
ST60S 8 : 32,3 | 3.03 1 38.3
12 71.5 o 2.98 87.2
ST908S 12 10.43 4.50 11.23




2.2.3 Testing the beam

The beams were tested in the test arrangement shown in fig.
11.

2
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The test arrangement was desighed with a view to getting as
‘high a degree of pure torsion as possible.

Fig. 11a shows the principle of the mode of operation of the

test arrangement.

Testing machine

A

Testing machine

Fig. 1la.
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‘The load was applied by means of a 20 Mp hydraulic Amsler

press, and fig. 12 shows a characteristic loading diagram.

LOADING HISTORY

LORD P BERM NB. 11 O
5.0 :
° SCANS
4.0
3.0

2.0 —

0.0 +
0. - 40. 80. 120. 160. 200.
o ) TIME ~ (MIND

Fig. 12.

The load, which was read on an Amsler spring manometer with

pressostat (see fig. 13), was increased in steps of 0.2 Mp
(0.16 Mpm). i



Fig. 13 .

Up to the cracking load, the load was lncreased at 1ntervals
of 5 mlnutes. Thereafter, the load was increased When the
beam had stopped reacting (although not until after 5 minutes).
The actual loading took about 30 seconds. All readings were
taken electrically immediately prior to each loading step,

and for control reasons, two readings were taken directly

after each other.

Each time the load was relieved, the reinforcing bars project-
‘ing from the ends of the beam were examlned for anchorage fail-
ure. However, none of the beams showed signs of failing an-

qhorage~of the axial relnforcement.
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2.3 -Results

2.3.1 Cracking load .

The c¢racking load was defined as the load at which the stress-
strain curve (0-V diagram) plotted durlng the test had a hori-
zontal section, i.e. the load at which the rotations increased
rapidly w1thout a concurrent increase in the moment applied
(see fig. 16}.

The eracking occurred suddenly and was accompanied by a loud
crack from the concrete. On all four sides, the cracks formed

at an angle of about 45o with the axis of the beam. (visual evalu-
ation). The width of the biggest. crack at any time in beams

II-2 and II-3 is shown in fig. 14.

torsional moment

40‘ rr—beumng capacity

II-2
== T2 :
[ F - II-
\ -, _3
3.0+ -"l ’,/
!/
M
A
.
20 7
—J’
1.0}
L - - LI
0 QS 1.0 maximum crack width
Fig. 14.

The crack widths were measured by means of a comparison with

the scale shown in fig. 15.



Fig. 15.

The cracking loads for all beams are given in table 4, page 27.
The angle of the crack with the beam axis remained 45° up to
rupture (visual evaluation).

2.3.2 Ultimate load

The rupture moment is defined as the moment at which the rota-
tions can be increased arbitrarily without an increase in the
moment applied. The shape of the stress-strain curves plotted
during the test depended on whether the beam was over-reinforced
or not (see fig. 16, 17 and 18).

A representative stress-sfrain curve for a normally reinforced
beam is shown in fig. 16. This is characterized by flattening
out before actual rupture occurs and it indicates that the beam
is not in possession of very much plasticity. The stress-strain
curve for an over-reinforced beam (fig. 17), on the other hand,
shows that this has a rather high degree of plasticity. Rup-
ture occurred suddenly, without any increased cracking or prior
reduction of stiffness. It is also noteworthy that a greater
plasticity was observed in over-reinforced beams with a big con-
crete cover (see fig. 17) than in beams with a-smaller cover
(see fig. 18).



V= torsional moment
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Fig. 16,

p

©=angle of rotation o

Fig. 17.

|

Fig. 18.



TABLE 4

Test results
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Beam No. Cracking load Rupture load
kNm - kNm
Ial 20.68 29.32
Ia2  19.08 26.40
Ia3 19.08 24.68
Ib1 23.88 35.08
Ib2 20.68 29.80
b3 19.08 30.28
11-0 15.64 34.68
II-1 17.24 34.84
I1-2 22.28 39.16
11-3 17.48 33.57
II-4 24.24 33.76
11-4"* 24,24 35.36
II-5 24.24 34.04
11-5" 25.84 38.04
11-6 27.78 33.54
11-6"* 29.38 37.38
1I-7 30.98 34.20
1I-8 28.08 32.88
II-9 32.08 34.28




2.3.3 Rotations

The rotations were measured at 6 points using angle meters
of the type: Penny and Giles, model apt 25.

Fig. 19
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The angle meter, which is shown in fig. 19, measures the angle
formed by the contact face with the plumb line.

Fig. 20
shows the six measuring points, and fig. 21 shows the angle
meters during the test itself. )

-

1-— potentiometer

Fig. 20.

L
H
i
i
1

Fig. 21.
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In addition to giving thé rotation of the beam, the measure-
ments, which are shown in the appendix were to have been used
for estimating within how large an area it could be assumed
that there were undisturbed conditions.

It was found that, until cracking occurred, measuring point 1
rotated in the opposite direction than that anticipated. This

. was interpreted to mean that there had been disturbing effects

- from the application of the force, and the curves for the course
of the moment - rotations (see appendix) therefore cover only
the rotation measurements from measuring points 2 and 5.

- 2.3.4 Strains in the reinforcement

The strains in the reinforcement were measured by strain

gauges (made at the Laboratory) placed in pairs, diametrically
opposite each other. A mean value therefore gave the mean
strain, while the difference between the readings of each pair
of gauges gave an expression of the magnitude of the bending
stress (curvature of'thé‘bar). The force in the reinforcing
~bar was found by multiplying the mean value by the modulus

of elasticity (see_appendix). On all beams, the two stirrups
closest to the stifrup at the mid-point of the beam were equipped
with gauges along one side of the beam. The strains in longi-
tudinal reinforcement were measured by means of . gauges mounted
on two of the corner bars. All these measurements are shown in
the appendix.

On beam IB3, the stiainsiwere also measured for all axiai rein-
forcing bars along Qne.side of the beam.

By means of these measurements, which are shown . in fig. 22, an
impression can be obtained of the distribution of the strains
(in the longitudinal direction) along the side of a beam.

--The figures on fhe ébsqissé give the numbering of the longi-
tudinal bars along the side of a beam. The ordinate shows a

constant times the strain. Each curve in the diagram thus
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shows the strain distribution for a loading step ending with
the rupture load (broken line).

Ake . _
09— &

0.81— ”””f’f’—inin.__.‘r — 30 IB3
071 __________,,a"””-\-"5‘-_____-;--28
il _______-//\__"——26
— 24
0.5
22
0.3}—
. , . 16
01

T

Fig. 22.

2.4 Cutting the beams

In order to establish the development of the cracking inside
the beams, 4 beams were cut through using a diamond saw.

The bottom cm of each beam cross section is broken off. This
was not due to cracks occurring during the test, but to incor-
rect use of the saw.

Beams Ia3 and Ib2 hadvthe same arrangement of the reinforcement
but were reinforced with steel of different grades. And whereas
Ia3 was normaliy reinforced, Ib2 failed through concrete failure
(the crack development is shqwn in fig. 23 and 24). The arrange-
ment of the reinforcement for beams II~0 and II-8 was also
identical, while their‘éoncréte,cover differed (for the crack
development héré, see fig. 25 and 26). Details are given in

fig. 4 and tables 2. and 3.
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‘Fig.
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3. Numerical analysis

All the test results were written out on punch tape and were
then transferred to punch cards for processing by means of a
computer program developed for this purpose. The results
from the material tests were coded on punch cards and included

in the program
The following weré computed for each loading step:

Rotations

The mean rotation

Strains in reinforcement

Mean stralns 1n reinforcement
leferentlal stralns

Forces in reinforcement

In addition, the materia1 constants and the standard deviations

on these were computered.
The following diagrams (see appendix) were plotted:

. Loading diagram
‘Rotations )
Stress-strain curve of beam -
Strains in relnforcement (mean and dlfferentlal)

Forces in relnforcement



Appendix

The appendix contains photographs of the crack pattern together .

with 6 diagrams for each beam.

1: Loading diagram

abscissa: the time in minutes from start of test.
ordinate: the torsional moment.

The curve does not start at (0,0) because the dead weight of the
beam and the weight of the testing machine make a contribution
to the load.

2: Rotations

abscissa: the mutual placing of the rotation meters

(indicated by vertical lines) -

ordinate: the angle of rotation in relation to the first

measuring point.

- Each curve corresponds to one loading step'(torsional moment)
the magnitude of which in Mpm is given on the right of the
curve. ' '

3: Stress—strain diagram

abscissa: relative rotation between measuring points
2 and 5.

ordinate: torsional moment.

4: Strains in reinforcement

abscissa: torsional moment.

ordinate: mean strain of pair of gauges.

' 5: Differential strains

abscissa: torsional moment.

ordinate: difference between one pair of gauges.
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6: Forces in reinforcement

abscissa: torsional moment.

ordinate: force in a reinforcing bar.

The yield forces for the bars are given on the left of the dia-

grams.

The sides of the beams are numbered as follows:

3 4
fig. 27 : beam seen from one end.

The relevant number of the side face is given on the right of
each photo.
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0.0 1.0 2.0 3.0 4.0 5.0
: LOAD  (MPM)



DIFFERENCE BETWEEN GRUGE STRAINS

STRAINS (0/700) BEAM NO. [ Al
4.0
o STIRRUP 1
4 STIRRUP 2
+AKSIAL 3
xAKSIAL 4
3.0
2.0
1.0
0.0 =4=225§;;;;¥.
-1.0 -
0.0 1.0 2.0 3.0 4.0 5.9
LORD (MPM) -
RE INFORCEMENT FORCES
FORCES (MP) BEAM NO. I Al
10000.0
.| oSTIRAUP 1
« STIRRUP 2
JAKSIAL 3
xAKSIAL 4
8000.0
6000.0 =2 ¥
4000.0 |
T A
2000.0
0.0
0.0 1.0 2.0 3.0 4. 5.0

LOAD  (MPM)



LOARD

- 60 -

LOADING HISTORY
MPMY BEAM NO. 1 A2 |

5.0

o SCANS

3.0

N

0.0

DEG.

40. 80. 120. 160. 200."
TIME  (MIN)

ROTATIONS
BEAM NB. I A2

9.0

8.0

7.0

6.0

2.48

5.0

4.0

| 2.39

3.0+

2.0

30. 66. 90 120, 150,
POSITION  (CM)



ROTATIONS

LOAD  (MPM) BEAM NOG. 1 A2
5.0

4,0

3.0

2.0

0.0
0. 1. 2. 3. : 4. S.
’ RATATION (DEG/M)

QVERAGE GRUGE STRAINS

STRAINS  ¢0/00) BEAM NO. 1 A2
5.0

o STIRRUP 1
+STIRRUP 2
- AKSIAL 3
xAKSIAL 4

-
w

IS

0.0 1.0 2.0 3.0 4.9 5.0
LORD  (MPH)



DIFFERENCE BETWEEN GAUGE STRAINS

STRAINS  (0/00) BEAM NG. I A2
4.0
©STIRRUP ||
+ STIRRUP 2
+AKSIAL 3
<AKSIAL 4
3.0
2.0
1.0
_/a-o-&—jl
0.0
-1.0
0.0 - 1.0 2.0 3.0 4.0 5.0
LORD  (MPM)
REINFORCEMENT FORCES
FORCES  (MP) BEAM NO. [ A2
10000.0 -
. ©STIRRUP 1
+ STIRRUP 2
“AKSIAL 3
xAKSIAL 4
8000.0
'6000.0
4000.0
— o &
2000.0 }(,/‘P
- %
0.0
0.9 1.0 2.0 3.0 . 4.0 5.0

LORD  (MPM)



LORD  (MPM)

5.0

4.0

3.0

2.0

8.0
7.0

6.0

_63_.

LOADING HISTORY
BEAM NO. T A3

© SCANS

83

40. 80. 120.

ROTATIONS
BEAM NO. I A3

160. - 200.
TIME  (MIN)

2.40

2.23

2.07

,—"””f’
]
—

30. . B0. 90.

120, 150.
POSITION - (CM)



- 64 -

ROTATIONS
LOAD  (MPM) * BERM NO. I A3
5.0
4.0
3.0

0.0

STRRINS  (0/00)

5.0

AVERAGE GAUGE STRAINS

BEAM NO. I A3

q

5

HUTRT‘I ON  (DEG/M)> -

4.5

oSTIRAUP
«STIRAUP 3
+AKSIAL 3
xAKSIAL 4

4.0
3.5

3.0

T 2.5

2.0

20

3.0

4.0

LOARD

5.0
(MPM)



BIFFERENCE BETWEEN GAUGE STRAINS

STRAINS (0/00) BEAM NO. 1 A3
4.0
o STIRRUP 1
4 STIRAUP 2
+ARSIAL 3
xAKSIAL 4
3.0
2.0
i.0
_a.—/
0.0 [\\
-1.0
8.0 1 2.0 3.0 4.0 5.0
LORD  (MPM)
RE INFORCEMENT FORCES
FORCES (MP) BEAM NO. I A3
10000. 0 -
o STIRRUP 1
4 STIRRUP 2
FAKSIAL 3
*AKSIAL 4
8000.0
6000.0
4000.0 |
| o a /
2000.0 L
L . x x
0.0
0.0 1 2.0 3.0 4,0 5.0
) LOAD  (MPM)



LOAD
5.0

(MPM)

- 66 -

LORDING HISTORY
BEAM NO. [ Bl

4.0

® SCANS

3.0

2.0

DEG.

40.

80. 120.

ROTATIONS
BEAM NO. I B1

160.
TIME

200.
(MIND.

8.0

8.0

7.0

6.0

5.0

3.43

3.35

4.0

3.18
3.03

3.0

2.87

2.71

2.0

2.56

F——— | 2.40

\}\

30,

120.
POSITION

150.
M



ROTATIONS

LORD  (MPM) BEAM NU. [ Bl
5.0 -

4, S.
ROTATION (DEG/M) .

AVERRGE GRUGE STRAINS

STRAINS  (0/00) BEAM NO. I Bl
5.0

o STIRRUP 1
+STIRRUP 2
4.51 cAKSIAL 3

«AKSIAL &

4.0

3.5

3.0

2.5 /
2.0+

0 4,90 5.0
LOAD  (MPM)



- 68 -

OTFFERENLE BETWEEN GRUGE STRSING
STRAING  «0/00Y BEAM NO. | R
4,0 -
o STIRAUP |
~STIRRLP 2 -

+RKSIAL 3
«AKSIAL 4

3.0

2.0

0.0 1.0 2.0 3.0 | 4.9 5.0
LOAD  (MPM)
RE INFORCEMENT FORCES

FORCES (MP) N BEAM NO. I BI
10000.0

o STIRRUP 1
A STIRRUP 2
«AKSIAL 3
xAKSIAL 4

8000.0

F—+ x

6006. 0 _ /
4009. 1] |
2000.0 /
| Y.
3

.0 4.0 5.0
LOAD  (MPM)

\




LUALG

5.0 1

MM

o SCANS

LURITNG HISTORY
BLHM N 1R

4.0

3.0

2.0

0.0

DEG.
9.0

8.0
7.0
6.0
5.0
4.0

3.0

2.0

TIME  (MIND

ROTATIONS
BEAM NO. I B2

e

I

30. 60. <0, 120. 150,

40, 80. 120. 160. 200.

2.87

2.71
2.55

2.39
2.23
2.08

POSITION (CM)



- 70 -

ROTATIONS
LOAD  (MPM) BEAM NO. 1 B2
S.0
4.0
3.0

2.0 {/

0.0

0. N 2. 3. 4. S.
ROTATION  (DEG/M)
AVERAGE GAUGE STRAINS

STRAINS  (0/00 BEAM NO. I B2
5.0

©STIRRUP 1
+STIRRUP 2
4.51 .pAKSIAL 3
xAKSIAL 4

4.0

3.5

3.0

2.5

2,0

0.0 1.0 2.0 3.0 4.0 S.0
LOAD  (MPHD



4.0

3.0

2.0

1.0

0.0

DIFFERENCE BETWEEN GAUGE STRARINS
STRRINS  (0/00)

" BEAM NO. 1 B2

o STIRRUP ]
« STIRRUP 2
+AKSIAL 3
«AKSIAL 4

FORCES  (MP)

10000.0

8000.0

6000.0

4000.0

2000.0

2.0 3.0

RE INFORCEMENT FORCES
BEAM NO. I B2

4.0

LOAD

5.0
(MPM)

o STIRRUP |
» STIRRUP 2
+AKSIAL 3
xAKSIAL 4

. 4.0

LORD

5.0
(MPM)



LOADING HISTORY

72 -

LOAD  (MPM) BEAM NO. | B3
5.0 -
= SCANS
4.0
3.0 [j‘
2.0 [‘
1.0

0.0
0. 40. 80. 120. 160. 200. -
N TIME  (MIN)
ROTATIONS
DEG. BEAM NO. I B3
8.0 -
8.0
7.0
6.0
5.0
- ] 3o
4.0 :
g.;v
-3.0 — .5
2.0 f'i::;;;;;;,ffff””" 2.40
‘ 2.23
5:;:;;;5:::_”,,,——"‘__,,_———”‘
1.0
2.07
— "
]
0.0 m— -
-1.0 -
. 0. 30, 60. 90, 120. 150.
: POSITION (CM)



. 3.0

ROTATIONS

LORD  (MPM) BEAM NO. 1 B3
5.0

4.0

3.0

2.0

0.0
. 4. S.
ROTATION  (BEG/M)

AVERAGE GAUGE STRAINS

STRAINS  (0/00) BEAM NO. 1 B3
5.0

© STIRRUP 1
+ STIRRUP 2
4.51 .aKSIAL 3
xAKSIAL 4

4.0

3.5

N

2.5

2.0

0.0 1.0 2.0 3.0 4.0 5.0
LOAD  (MPM)



DIFFERENCE BETWEEN GRUGE STRAINS

"STRAINS  (€0/00) BEAM NO. 1 B3
4.0
o STIRAUP 1
«STIRAUP 2
~RKSIAL 3
xRKSIAL &
3.0
2.0
1.0
0.0 Gy
. e —0—0—o-a\|
-1.0 ,
0.0 1.0 2.0 3.0 0.0 5.0
LOAD  (MPM)
RE INFORCEMENT FORCES
FORCES (MP) BERM NG. I B3
10000.0
‘ o STIRRUP
«STIRRUP 2
«AKSIAL 3
xAKSIAL 4
8000.0
6000.0
4000.0
o
i
2000.0 x :
0.0 ‘4‘/!
0.0 1.0 2.0° 3.0 4.0 5.0
LORD  (MPHM)



75 -

LOADING HISTORY

LOAD  (MPM) BEAM NO. 11 O
5.0
o SCANS
4.9
3.0 ‘r{_‘(
2.0 g
1.0 ‘J‘rd’
0.0
Q. 40. 80. . 120, 160. 200.
TIME  (MIN)
RATAT1ONS
DEG. BEAM NO. 11 O
9.0
8.0
7.0 3.33
6.0 '
3.18
5.0 38
4.0 - 2.68
; / / 2.52
3.0 - 2.36
. 2.21
/. — 1%
2.0 - :
// .7
o // 1.72
] ' 1.56
G.0
i
1.¢ i
g. 36. 60,

9C. 1235, 150.
. FOSITION (OM)



- 76 -

ROTATIAGNS
LORD  (MPM) BEAM'NO. IT Q
5.0
4.0

'3.0 - - - //

20— —

,/

0.0

C. 1. 2. 3. 4. S.
. ROTATION (DEG/M>
AVERAGE GAUGE STRAINS

STRAINS €0/00)  BEAM NO. 11 O
5.0 et :

o STIRAUP 1
« STIRARUP 2
4.51 .AKsIAL 3
xRKSIAL 4

4.0

3.5

3.0 - : %

2 | | //

2.0

N

3.0 4.0 B I
LORD  (MPM)



DIFFERENCE BETWEEN GAUGE STRAINS

STRAINS (0700 BEAM NO. [1 O
4.0
> STIRAUP 1|
~STIRAUP 2
-AKSIAL 3
xAKSIAL 4
3.0
2.0
1.0 .
0.0 Ml =====c
(C,ﬁe
-1.0
0.9 1.0 2.0 3.0 4.0 5.0
LOAD  (MPM)
REINFORCEMENT FJRCES
FORCES (MP) BEAM NO. 11 O
10000.0
©STIRRUP |
« STIRRUP 2
~AKSIAL 3
xAKSIAL 4 /
8000.0 7
6000.0 /
4000.0
Lo s
2000.0
6.0
0.2 3] 4.7 5.0




- 78 -

LORCING HISTORY

LORD  (MPM) BEAM NO. 11 1
5.0

» SCANS
4.0

z.b- J_r

0.0
0. 40, 80. 120. 160, 200.
TIME  (MIND
. ROTATIONS
DEG. . BEAM N@. I1 1
9.0
8.0
3.34
7.0
6.0
3.17
5.0 3.0
/ 2.85
. ! 2.69
4.0 2.54
3.0
25
5.0 L—] =
. 2.05
Z/// 1.89
10 ] 1.72
=T
0.0
-1.6
6. 30. 60. 90. 126, - 1s0.

POSITION (LMD,



LW} oMMy

G0 g e e

4.0

RS A

Btas g i1

3.0

2.0

/

0.0

STRAINS  (0/00)
5.0

AVERAGE GAUGE STRAINS
BEAM NO. 11

4

ROTATION (DEG/M)

S

o STIRRUP 1
«STIRRUP 3
4.51 .aKsIAL 3
xAKSIAL 4

4.0

3.5

3.0

2.5

2.0

™

=

el
/ .

L\

2.0 - 3.0

4.0

LORD

5.0
(MPM)



- 80

DIFFERENCEH BETWEEN GRUGE STREINS
BEAM NG, 11 1

STRAINS  (G/0D)

4.0
©STIRRUP 1
~STIRRUP 3
-AKSIAL 3
xAKSIAL 4

3.0

2.0

0.0

=~

FORCES (MP)

2.

REINFORCEMENT FORCES

0

3.0

BEAM NO. I1 1

4.0

LORD

S.0
(MPMY

10000.0
| eSTIRRUP 1
- STIRRUP 2
+«AKSIAL 3
xAKSIAL 4

8000.0

6000.0

4000.0

—

2000.0

NS

4.0

LOAD

5.0
(MPM)



LOADING HISTORY

LORD  (MPM) BEAM NO. 11 2
S.0
o SCANS
4.0
| &®
3.0 {J_JJ
2.0 ; :
1.0 H‘
0.0 -
.. 40. . .80, 120. 160. 200,
. TIME (MIN)
; ROTATIONS
OEG. BEAM: NO. 11 2
9.0
8.0
7.0
6.0 3.83
3.76
5.0 3.67
. , 3.59
4.0 3.35
' // 3.03
3.0 7aa
| 3.97
. v ERl
2.0 ] 2.55
2.39
1.0 4 2.2
/———_—:_————"
0.0
-1.0

0. 0. " 80 " go: 120. 150.
- POSITION  (CM)



LOAD  «MPM3

- 82 -

. BOTATINNG
BtAM NO. 1] 2

S.0

3.0

2.0

0.0

STRAINS  (0/00)

4. 5.
ROTRTION (DEG/M)

AVERAGE GAUGE STRAINS
BEAM NO. 11 2

5.0
o STIRRUP
4 STIRRUP 2
451 .AKSIAL 3
xAKSIAL 4

s,

4.0

3.5

3.0

2.5

2.0

4.0
LOAD

5.0
(MPM)



‘ DIFFERENCE BETWEEN GRUGE 5TRAING
STRAINS  (0700) BEAM NO. 11 2 -
4.0

o STIRRUP .|
2 STIRRUP 2
+RAKSIAL 3
«AKSIAL 4

3.0

2.0

M'v . ‘ : :;jE

0.0 - 1.0 2.0 3.0 4.0 5.0
s LOAD  (MPM)

RE INFORCEMENT FORCES

FORCES  (MP) BEAM NO. 11 2 .
10000.0
»STIRARUP Y
2 STIRRUP 2
+AKSIAL 3 L
xAKSIAL 4 /
8000.0

6000.0 | - : :;?,

4000.0

N

12000.0 ’ i::;“,ex

c.G : 1.0 2.0 - 3.0 4.0 5.0
’ LORG  (MPM)



LOADING HISTORY

LOAD  (MPM3 BEAM NG, 1] 3
5.0

o SCANS
4.0

. 0.0
Jo. 40. 80. 120, - 160. 200.
. TIME (MIND
* ROTATIONS
DEG. BEAM NO. 11 3
9.0
8.0
7.0 3.36
6.0
3.19
5.0 3.03
4.0 v 2.88
) / 2.1
3.0 2.56
SR e s
e L /// 2'07
1.0 / ] e
1 1.75
%/
0.0
-1.0 — : . '
0. 30. 60. e, 120. 150.

POSITION (CM)



LBRO

MPM)

- 85 -

ROTATIONS
BEAM NO. 1 3

S.0

4.0

3.0

0.0

STRAINS  (0/00)

2. 3.

AVERAGE GRUGE STRAINS
BEAM NO. 11 3

4

ROTRTION

S.
(DEG/M)

5.0

4.5

o STIRRUP 1
«STIRRUP 2
+AKSIAL 3
xAKSIAL 4

4.0

3.5

3.0

2.5

2.0

[
|
E
7

.

L

4.0

L0RD

5.0
(MPM)



DIFFERENCE BETWEEN GRUGE STRAINS

STRAINS  (0/00) BEAM NO. 11 3
4.0
oSTIRAUP 1
+STIRRUP 3
LAKSIAL 3
<RKSIAL &
3.0
2.0
1.0
0.0 -<§§E: =4 ' {
I :
-1.0
0.0 1.0 2.0 3.0 4.0 5.0
LOAD  (NPM)
RE INFORCEMENT FORCES
FORCES (MP) BEAM NO. I1 3
10000.0 T
o STIRAUP.
«STIRRUP 2
<AKSIAL 3
xAKSIAL 4
8000.0
6000.0 \
4000.0 ;/
Lo«
2000.0 l/ - :-f
0.0

0.9 1.0 2.0 3.0 4.9 5.0
: LORD  (MPM)



LOADING HISTORY

LOAD  (MPM, BERAM NO. T] 4
5.0

2 5CANS
4.0

0. 0. 80. . 120. 160. . 200.
: TIME (I
ROTATIONS
DEG. “BEAM NO. IT 4
9.0
8.0
7.0
6.0
5.0
.0
4 — 3.22
3.0 3.07
1 2.
2o 2.7
: 2.59
1 —1%a
1.0
%é/
0.0
-1.0

0. 30. 50. 9G. 120. 150.
. POSITION (CM)



- 88 -

ROTATIONS
LORD  (MPM; BEAM NO. 1] 4
5.0

3.0

2.0

0.0
. . S.
ROTATION (BEG/M

AVERAGE GRUGE STRRINS

STRAINS  (0/00) BEAM NO. II 4
S.0

o STIRAUP 1
+ STIRRUP 2
4.5 .aKsIAL 3
xAKSIAL 4

4.0

3.5

3.0

2.5

2.0

o0
(=]
o
N
o
w
(=]
o+
©

{ 5.9
LORD  (MPM)



- 89 ~

DIFFERENCE BETWEEN GAUGE STRAINS

STRRINS  (0/00)

BEAM NO. 1] 4

4.0

o STIRAUP 1
«STIRRUP 2
-AKSIAL 3
xAKSIAL 4

3.0

2.0

0.0

oe—x¢
o

FORCES (MP)

10000.0

2.0

3.0

REINFORCEMENT FORCES
BEAM NO. 11 4

4.0

5.0

LORD  (MPM)

8000.0

o STIRRUP |
« STIRRUP 2
+AKSIAL 3
xAKSIAL 4

6000.0

4000. 0

o &

2000.0

[
=)

2.0

4.9

L

O

1]

5.0
(MPM)



ROIHT TN
DEG. HEAM NOL g

9,0 7 e g e e [ F —

v —— 3.23
/ 3.07

2.0 — 1}

I —
//_ 2.59

Q. 30. 60. . 90. 120. 150.
POSITION (CM

LOADING HISTORY

LOAD  (MPM) BEAM NO. 114+
5.0

o SCANS

4.0

3.0

2.0

0.0
0. 40. 80. T 120, 160. 200.
. TIME (MIN)



ROTATIONS
LOAD  (MPM) BEAM NO. 114+
5.0
4.0

3.0 /

2.0

0.0

4. S.
ROTATION  (DEG/M)

AVERAGE GRUGE STRAINS

STRAINS  (D/00) BEAM NO. 114+
5.0

o STIRAUP |
« STIARUP 2
4.51 .AKSIAL 3
xAKSIAL 4

4.0

3.5

2o /
: /,

0.0 1.0 2.0 3.0 4.0 5.0
. LORD  (MPM)



- 92 -

DIFFERENCE BETWEEN GAUGE STRAINS

STRAINS  (0/00) BEAM NO. 114+
4.0

& STIRRUP |
- STIRRUP 2
+RKSIAL 3
xAKSIAL 4

3.0

2.0

c.0 = ===

0.0 1.0 2.0 3.0 4.0 5.0
LORD (MPHD

REINFORCEMENT FORCES

FORCES (MP) BERM NO. 114+
10000.0

o STIRRUP 1
+STIRRUP 2
B +AKSIAL 3

xAKSIAL 4

8000.0

6000.0

TN

4000.0

o &

'2000.0

RN

0.0 1.0 2.0. .. 3.0 4.0 5.0
LOAD  (MPM)



LORAD (MPM)

LORDING HISTORY
BEAM N@. 11 S

S.0
o SCANS

4.0

3.0

2.0

1.0 rI- ‘

0.0

DEG.
9.0

40.

80. 120.

ROTATIONS
BEAM NO. 11 S

160,
TIME

200.
(MINY

8.0

7.0

6.0

5.0

4.0

3.0

2.0

/

U1 -0 0o
@D B =3

|

—
——

30.

60. 90.

120.
POSITION

150.
M



_94_

ROTATIONS

LOAD  (MPM) BEAM NO. I] S
5.0

4.0

3.0

0.0

0. 1. 2. 3. 4. S.
ROTATION  (DEG/M)
.HVERRGE GAUGE STRAINS

STRAINS  €0/00) ‘BEAM NO. 11 S
5.0

©STIRRUP 1
- | aSTIRRUP 2
4.51 +AKSIAL 3
xAKSIAL 4

4.0

v

3.5

3.0

2.5

‘_\"*\
S

0.0 1.0 2.0 3.0 4.0 5.0
LOAG  (MPM)



- 95 -~

DIFFERENCE BETWEEN GAUGE STRAINS

STRAINS  (0/00) BEAM NO. 11 S
3,0
e STIRRUP t
«STIRRUP 2
~AKSIAL 3
xAKSIAL 4
1.0
2.0
1.0
0.0 = Saairt
-1.0
0.0 1.0 2.0 3.0° 4.0 5.0
LOAD ~ (MPM)
REINFORCEMENT FORCES
FORCES * (MP) BEAM N@. 11 5
10000.0
o STIRRUP 1
+STIRRUP 2
+AKSIAL 3 |-
xAKSIAL 4
8000.0 :
6000.0 /[
4000.0 /
' F—0 &
/}
2000.0 .,/
0.0 ' i
6.0 1.0 2.0 3.0 4.0 . 5.0

LORD  (MPM)



LORDING HISTORY

LORD  (MPM) BEAM NO. 115+
5.0 .
oSCANS |
4.0 :
3.0 A
2.0
1.0r(.
0.0 -
o. 40, 80. 120. 160. 200.
TIME (MIND
ROTATIONS
DEG. BEAM NO. 115+
9.0 !
/ 3.76
8.0
7.0
6.0 3.1
5.0
, 3.56
4.0
X 3.39
1.0 3.23
3.07
; 2.91
/ 2.75
"1 2.60
- 2.43
—
-1.0
0. 30, 60. 0. 120. 150.
PGSITION - (CMD



LOARD
5.0

(MPM)

_97_

ROTATIONS

BEAM NO. 115+

/

0.0

STRAINS  (0/00).

2. 3.

ROTATION . (DEG/M)

AVERAGE GAUGE STRAINS
BEAM NO. T15+

4

5

5.0

4,

w

o STIRRUP |

+ STIRRUP 2
+AKSIAL 3
x AKSIAL 4

4.0

3.5

3.0

2.5

2.0

J
/7

4.0

LOARD

5.0
(MPM)



98 -

DIFFERENCE BETWEEN GAUGE STRAINS

STRAINS (0700}

BEAM NO. 115+

4.0

1 aSTIRRUP 2

o STIRARUP 1

~AKSIAL 3
xAKS1AL g

3.0

2.0

0.0

ey

FORCES (MP)

2.0

3.0

REINFORCEMENT FORCES
BEAM NO. T15+

4.0 5.0
LOAD  (MPM)

10000.0

o STIRRUP |
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