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SUMMARY

This report describes tests on 12 reinforced concrete T-beams
subjected to combined bending and shear. The tests are a con-
tinuation of earlier tests carried out in 1963-1965 by K.Ozden
[67.11. |

All the beams had a shear span Mo 3.5 , a longitudinal ratio

vd
Po=1.06% , and a concrete cylinder strength fc= 250-330 kp/cm?
(fig.1.1, 2.3 and 2.4 and table I). Only the shear reinforce-

ment {vertical stirrups of mild plain bars) was varied (table
I and fig.1.2).

Strain measurements by means of 100-130 strain-gauges were taken
on 3 of the beams {series I: T21, T22 and T23). The strain
~gauge measurements on the concrete compression flange (fig.1.3
and table IIa-c) and the crack formation (fig.2.9) indicate the
precense of an arch action in the shear span. The strain-gauge
measurements on the longitudinal reinforcement {(fig.1.5 and
table IIIa-c) indicate a considerable dowel action even at 60%
of the ultimate load. The strain-gauge measurements on the
stirrups (fig.1.7 and table IVa-c) and the measurements of the
maximum crack widths indicate the possibility of utilizing
stirrups with a yield strength (0.2% off-set) of about 6000 kp/cm?,

The ultimate load (table I and fig.1.2), compared with two typic-
al shear formulae, shows that Hillerborg's formulae [68.1] are

in good agreement with the test results, whereas those of ACI
[62.1] underestimate the shear failure load by about 60%,

Most of the notation in this report is in accordance with that
of CEB [73.1].




NOTATION

Most of notation is in accordance with that used by CEB [73.1]. The foll-
owing indices and symbols are used throughout:

Indices:

Concrete
Longitudinal reinforcement
Ultimate load
Web reinforcement
Yield strength (~0.2% off-set)
(B) Corresponding internal force referred to normal cross-section A-A(B-B)
Failure load in flexure

Mok 4o on

Cross—-sectional area of reinforcement

Young's modulus of elasticity

Flexural moment

Tensile normal force in longitudinal reinforcement

Shear force -

Part of shear force resisted by longitudinal reinforcement (dowel
action) and concrete compression zone, respectively

@ Diameter of single stirrup-leg

Shear span

Width of compression flange

Width of web

Length of projection of diagonal crack on axis of the beanm
Effective depth of longitudinal reinforcement

Strength ' :

Cylinder compressive strength of concrete

=

0

Splitting tensile strength of concrete (BraZilian test)

Mumber of stirrups.in shear span
Distance between stirrups measured parallel to axis of the beam
Lever arm

pud Jh Fnth Qi 5T
o

N on

& Coefficient of variation
£ Strain, positive as tension, negative as compression
Po Ratio of longitudinal reinforcement As/bd

Pso Ratio of leongitudinal reinforcement As/bwd
& Idealized angle between diagonal crack and axls of beam

g Stress




1. SUMMARY OF TESTS

1.1 Introduction

At the Structural Research Laboratory of the Technical Universg-
ity of Denmark, in the period from 1963 to 1965, 16 shear testsg
were carried out on T-beams, in which the only variable was the

web reinforcement - Ozden [67.1]. ¥

In half the beams, the web reinforcement consisted of relatively
widely spaced vertical stirrups. The tests show that just a
single stirrup placed where the diagonal érack forms will result
in a considerable increase in the ultimate strength of the beam
compared with that of beams without web reinforcement. Corres-
ponding results have been achieved by Kani [69.1] and others.

In the remaining tests, the web reinforcement consisted of bent
-up longitudinal reinforcement, and the Paper Sgrensen [74.1]
deals with these tests.

This report includes the results of a further 12 shear tests on
T-beams in which the web reinforcement consisted of relatively
closely spaced stirrups. These tests were carried out in 1969,
as a supplement to Ozden's tests. Sections 1.2 to 1.5 contain

a short description of these tests, while Section 2 provides a
thorough analysis of the test conditions, together with a number
of tables giving the test results.

1.2 Test programme

All the beams testet were T-beams, simply supported and loaded
with two symmetrical, point loads acting pefpendicular to the
axis of the beam (§%= 3.5), see also Fig.1.1 and section 2.2.
The longitudinal reinforcement consisted of deformed bars (Kam-
stal) with a nominal diameter of 20 mm and a yield strength fsy
of about 4300 kp/cm? -~ a total of 4 K 20 in two layers (ratio of

reinforcement P ™ 1.06% , Poo™ 3.84% , see also Section 2.1.3).

#* References are listed in Section 1.5
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Fig.1.1: Experimental beam

A cylinder compressive strength of fc= 325 kp/cm? was aimed at
for the concrete, together with a water/cement-ratio of w/c=0.71.
However, the quality of the cement varied considerably, so that.
the target cylinder strength was only achieved in three of the
beams (series I), while in the remainder (series II) it was

about 250 kp/cm?., Table I (Section 1.3.1) shows the values of

fc for the various beams, and Sections 2.71.71 and 2.1.2 give the
composition of the concrete and the results achieved in the

stress—strain measurements.

The web reinforcement consisted of vertical stirrups of plain,
'mild steel with a yield strength of fvy= 2300-4500 kp/cm?. The
variation in the web reinforcement consisted partly of an alter-
ation of the stirrup spacing s and partly of an alteration in
the nominal diameter @V Qf the stirrups (and thereby also of
their yield strength £__), Table I in Section 1.3.1 shows the

vy .
d . .
value of @V, s and Avay S where Av is the nominal area of
the stirrups, and d is the effective depth. The quantity
Avefvy'g denotes the total yield force in the area of diagonal
- cracking, corresponding to an angle between the diagonal crack

and the axis of the beam ==45O a

Section 2.1.6 shows the stress-strain diagrams for the reinforcing

bars, the geometry of the stirrups and their placing.




For beams T21 and T22, table I shows tWo values of A f Q

vivy s '
due to the fact that the yield strength fVy for the stirrups
in question is only known to lie between two values correspond~
ing to an investigation of fVy before the test and one after

the test., See, further, Section 2.1.6.

The tests are classified in two groups, Series I and Series 1T,

according to the measurements taken during the tests.

In series I, the strain in the longitudinal reinforcement, along
the surface of the compression flange and on the stirrups was
measured by means of 100-130 strain-~gauges on each beam. In
addition, the deflection at the top and bottom of the beam was
measured at a total of 13-17 points. The total deformations
were measured along the longitudinal reinforcement (5 lengths)
and along the compression flange in the bending span. Finally,
the crack pattern was registered, and the maximum widths of

cracks were measured.

In series 11, which consisted of nine beams, the total deform-
ations along the longitudinal reinforcement and the compression
flangé in the bending span were measured, and the crack .

was registered.

The locations of the measuring points are shown in Fig.2.3 and
2.4 of Section 2. ‘

1.3 Results

1.3.1 Ultimate load

Table I shows the ultimate load and type of failure for the
various beams, including specification of the end of £he beam at
which failure occurred (for the orientation of the beams, refer-
ence is made to Fig.2.7 in Section 2.2.1). Table I also gives
the length of the horizontal projection ¢ of the diagram crack
(see Fig.1.5) in relation to the effective depth d . The magn-
itude of ¢ appeared from the cracked beam, in that a flexural
tensile crack was clearly apparent from the point of intersect-
ion of the biggest diagonal crack with the longitudinal rein-

forcement to the bottom of the beam, approximately perpendicular




Table I: Shear reinforcement, concrete strength, ultimate
ioad and type of failure
Beam| @ A, f d P Y ¢ - 2y €
v s viwg u ¢ | Type of 5
“ho | mm mm Mp Mp kp/em?| failure
| 3.96-
T2 ] - .
1 T21 [ R8 |175 Thl67 13.2 | 331 DT 2.2
2122 | R7 | 210 bo43- 13.0 | 317 | oT/sc - | 1.6
C 4,95
“w | T23 | R6 | 150 3,98 14,2 | 349 DT + | 2.5
Tla | R6 87.5 | 5.09 13,5 | 234 F
T2a | RS 87.5 | 5.42 13.9 | 251 F
T3a | R6 | 105 4,24 13.0 | 251 AS =] 1.9
= | Tha | RS | 105 4,52 13,5 | 257 AS - | 1.9
2l1ib { RE | 117 3,80 12.0 | 236 | AS=SC + | 1.6
1 .
a7 | RS | 117 4.05 13.2 | 254 DT - | 1.8
T3b | R6 | 175 2,54 11.8 | 251 | AS-DT = | 2.3
Tub | R5 | 175 2.71 10.9 | 252 pT 4+ | 2.0
TS R5 | 175 2.71 11.2 | 260 | AS-DT =] 2.0

1)

2) F
sC
DT
AS

+ or -

Exclusive of weight of beam O

FPlexure failure
Shear compression failure
Diagonal tension failure
Arch stability failure

.15 Mp/m

mention in what end of the beam the
failure tock place {(Fig.2.7, chapter

2.2.1.
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Fig.1.2: Ultimate load as function of the

reinforcement

for beams in series I and II and
for some of Ozden's beams [67.1]
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to the axis of the beam (see also Fig.2.9).

In Fig.1.2 the ultimate load is depicted as a function of

Avay % (corresponding to the contribution of the stirrups to
the shear strength at an angle of ¢= 45° between the diagonal
crack and the beam axis). The figure alsc shows the results of
eight of Ozden's tests [67.1]. As, in some of Ozden's tests,
only one or two stirrups were located in the shear span, whereby
the stirrup spacing could not be defined, s in these cases has
been calculated by distributing the stirrup force over the entire

length a of the shear span, i.e.

d
= {(1.1)

= A £
v

d
v a

vy YV

where n is the number of stirrups in the shear span (n=1 or 2),

In the case of beams T21 and T22 from series I, the average
d

value of the limits given in table I is used for A, fvy = in
Fig.1.2.
Fig.1.2 shows the expected flexural failure load PF calcul~
ated from the expression
MF Z d . fsy
PF = = AS fsy ey AS fsy(1=0.5 Po fg— (1.2)

where 2z is the lever arm.

The figure also shows the expected shear failure load Pu ;, calc~
ulated in accordance with Hillerborg (see, e.g. Sgrensen [70.1]
or Regan [68.1]:

1/6 1/4 a 1/2 1/2

Py= 9.5(8) o)) (A, £ Q) (bd) (1.3)

where the unit system is kp, cm. Furthermore, Pu is calculated

in accordance with ACI [62.,1] (Modified Thruss Analogy) :

P =p +a £ 9% < 2,65 /F b d (1.4)
s C W
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where the diagonal crack load Pcr is calculated from

p
_ So
Por = (0.50 VET + 176 )b d < 0.93 /T, b_d (1.5)

‘a—'i

Unit system kp, cm.

Finally, the expected shear ultimate load Pu according to

Morsch (Thruss Analogy) is also given:
(1.6)

As will be seen from Fig.1.2, Hillerborg's formulae gives satis-
factory accordance with the test results, while the other form-
ulae yield very conservative values.

i

S O S T S e O ey o o e G e M N L A o o i NS . e S e o e o B s i s ot o o st Ko T e ot o o o e

Fig.1.3 shows the development of strain at a few 1oadihg stages
~along the middle of the surface of the concrete compression
flange of beam T23. It will be seen that there are considerable

tensile stresses in the concrete at the supports. Near failure,

P =14,2 Mp
13.2

12,0

1050 1200 1350 1500

12,0 A 2 |
o \\\\/ 132 4?%?3 Yiss
14,2
f €. (el ] .

150G -1350 -1200 -tG50 -900 \

Fig.1.3: Development of strain along middle of surface
of compression flange in beam T23 (Table IIc)




these tensile stresses increase rapidly, indicating a consider-
able arch action. This arch action is also apparent from the
cracks in the top of the flange in the crack pattern shown in
Fig.2.9 (Section 2.4). Corresponding conditions apply in the

case of the other two beams in series I.

Table IIa-c (Section 2.4) shows the strains for the three beams
in series I.

1.3.3 Strain_and force_in_ longitudinal reinforcement (series_I)

G N o 0 A T K G, DR PO, (R I e M M MAE MM ML MAD N S M S Th e O e Man M R M D M R M CHR e DE T ey e S B O G ek e M e W e e S L

Fig.1 .4 shows the force NS in the longitudinal reinforcement of
beam T23 at a number of loading stages, calculated on the basis

of strain—gauge measurements as given in table IIIc (Section 2.4).

For the diagonally cracked beam in Fig.1.5, it is found from the
equilibrium eguations that Né in cross—-section A-A can be de~

termined from the expression

M 2
- A ¢ .1 e
Ny = - +Vc z+2Av fvy - _ (1.7)

-1500 -1350 -3200 -1050 -900 -750 -450 -225% .0 225 A?O 600 750 9?(} 10150 1200 1500 x
0 | 1 | L | ! 1 } ; : } I } : .

1 1 H T T 3
(mm)
;::iifiiiizzzz;:i:::::‘~\\ithp

20

40

st% WV Vs - -‘-\% Z cot ) cota

60

V Ng, Mp

Fig.1.4: Tensile force in the longitudinal reinforcement
of beam T23 {Table IIlIc)
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Fig.1.5: 1Internal forces in diagonally cracked beam

where MA is the bending moment in cross-section A-A, and. Vc
is the contribution of the concrete compression flange to the
shear strengﬁhq Denoting the contribution of the longitudinal
reinforcement (dowel action) to the shear strength VS r We get

for the total shear force V:

C

V=VS+VC+AVfVYS

(1.8)

Introducing the average inclination of the diagonal crack o ,

= & -

and inserting Ve from (1.8) in (1.7), we get

M
1 = B -y - z
NS =+ (V VS 1/2 AV f S cot 8)cot § {1.10)

vy
The value of NS calculated in accordance with this expression
is shown in Fig.1.4, where V is set equal to the ultimate

value Pu + the lever arm =z 1is calculated corresponding to
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pure bending (last term in equation (1.2), and cot 8 is put
equal to zero in the bending span and is calculated proportional
to the distance of the section in gquestion from the loading
cross—section (x= 450 mm), whereby cot e=(% at the support.
The dowel action is taken into account by introducing a contri=-
bution corresponding to the yield force Av fvy of a single
stirrup. Then, at the distance c¢=z cot 6 from the cross
-section under load, we get

1 z

- a. 42
Ns”PuzAv fvy(1+25cot g)cot 8 (1.11)

It will be seen from Fig.1.4 that this expression gives a result
that is in reasonable agreement with the strain-gauge measure-

ments.

To investigate the dowel action, Fig.1l.6a-c shows the strain in
the top and bottom of the longitudinal reinforcement for three

characteristic cross~sections - also in beam T23.

The development of strain in the cross~section in pure flexure
(fig.1.6a) shows that the strain at all measuring points was
very near yielding (asy) + which indicates that the load was
close to the flexural failure load, as can also be seen from Fig.
1.2,

The development of strain shown in Fig.1.6b, is from a section
located directly in front of the intersection of the biggest
diagonal crack with the longitudinal reinforcement (cf. crack
pattern shown in Fig.1.10). It will be seen from this there is
heavy local curvature in the various reinforcing bars and that
the two layers of reinforcement have slipped in relation to each
other. This witnesses to a certain degree of dowel action, which

is already prominent at about 60% of the ultimate load.

The development of strain in the cross-section at the support
(Fig.1.6c) shows clearly that there is a definite dowel action in
the longitudinal reinforcement, since not only the individual
reinforcing bars, but also the two layers of reinforcement to-

gether, show the opposite curvature to that in the section shown
in Fig.1.6b.
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1.3,4 Strain_in stirrups_ (series I)

—a o T s CED D 2 G A ST e o £ Y K w7 L s s T T W W e D -

Fig.1.7 shows the strain in four of the stirrups in beam T23 as
a function of the load. It will be seen from this and from
table IV (Section 2.4) that the strain reached yielding in all
stirrups except those in the immediate proximity of the loading
cross—section and the support. Corresponding conditions have
been found by, inter alios, Leonhardt and Walther [63.1].

Even at about 85% of the ultimate load, the strain already
exceeds 0.4% in several of the stirrups, which - compared with
the crack measurements (table VIII) - indicates that it should
be possible to utilize stirrups with a much higher yield strength,
e.g. stirrups of Tentor steel (Danish cold worked, deformed bkars
with fvy = 5600 kp/cm?).

15AP1M9) ™ ! o, =i*\‘.y=3530kp;’cm2
® @ _1.®
/ ] :zzzsgﬂgziﬂgﬂﬂ
10 /' I ¢ " - . o
7 @@ 1 1mensmr:s I cm.
RS ] e %
T23 I AYENAYEN Ny NN 8
ST ey
PL 105 Lo 45 _J! et e
| L ..

o 1 z 3 4 5 (%l

Fig.l.7: Development of strain in some of the
stirrups of beam T23 (Table IVc)
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1.3.5 Deflection measurements (series I)

e R e e i o P T B ———— T~ — e s . o o oo

Fig.1:8 shows the deflections on the tensile and compression
flanges of beam T23. As the basis for measuring these deflect-
ions, use has been made in both cases of the line connecting two
points at a distance of *1575 mm from the centre of the beam.
As will be seen from the figure, there is a considerable dif-
ference in the two lines of deflection in the shear span when
the load exceeds about 50% of the ultimate load. This is due to

the opening of the diagonal cracks.

Fig.1.9 shows the mean strain along the bottom layer of longit-
udinal reinforcement in beam T23 in series I, measured with dial

gauges outside the concrete (table VIc, Section 2.4). For the

{rrmn)

" detlection {mm)

Fig.1.8: Deflection of tensile and compression
flanges (Table Vc)
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o Dial gauges - strain gauges
-2 P -1 ) t ol +1 et +2
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Vstruin [%/es)

Fig.1.9: Comparison of strain measurements with strain-gauges and
: with dial gauges on beam T23 (Table IIIc and VIc)

purposes of comparison, the corresponaing strain values measured
by means of strain-gauges are also shown. It will be seen that
the dial gauge measurements deviate about 10% from the strain
-gauge measurements. In the bending span, the dial gauge meas-
urements always give too low values, and this is the case in the
shear span too, up to about 60% of the ultimate load. Closer to
failure, the dial gauge measurements do not give a correct
picture of the strain in the individual layers of reinforcement.
Thus strain measurements on the concrete cannot be expected to

reflect the dowel action discussed in Section‘1,3,3.

1.3.7 Crack formation and crack widths

Fig.1.10 shows the crack development in beam T23 of series I. It
will be seen that the first diagonal crack forms as a bending
shear crack at an angle of about 45° with the axis of the beam.
As the load is gradually increased, several corresponding diag-
onal cracks form in the shear span at a distance of about the

stirrup spacing. The maximum widths of the diagonal cracks are
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comparatively modest (less than 0.3 mm) up to about 75% of the
ultimate load, as will be seen from table VIII in Section 2.4,
This indicates that the strain in the stirrups is still in the
elastic range, cf. Fig.1.7. When the load is now increased, the
width of the cracks increases considerably, and no more diagonal
cracks form at 45° with the axis of the beam. There is a tend-
ency for flatter diagonal cracks to occur between those already
formed as the load is increased. Prior to the failure, the
diagonal cracks extend up to the compression flange, and tensile
cracks form at the top of this flange, indicating a certain arch
action. The beam fails when the compression flange is traversed
by a single crack and two diagonal cracks are joined up by horiz-
ontal crack along the longitudinal reinforcement, which then
breaks out (failure of dowel action).

Table VIII in Section 2.4 gives the maximum crack widths for

the beams in series I at a number of loading stages.

The crack patterns at failure for all beams are showﬁ in Figqg.
2.%a-n in Section 2.4. The development of the cracking will al-
so be seen by the numbering of the cracks, as described in Sect~

ion 2.3.7.

A comparison of the crack patterns on the two sides of the beams
(N and S) shows that these were largely symmetrical, despite the
fact that, in series I, twice as many strain-gauge wires were
led out through the S-side of the beams as through the N-side.

A cormparison of the crack patterns for the beams in series T and
series II shows no significant difference. This accords with

the fact that the diagonal cracks observed in the beams in series
I did not tend particulary to originate from points at which the

wires were led out of the web of the beam.

It will be seen from table I (Section 1.3.1) that about 2/3 of
the beams ruptured at the end of the shear span designated by a
minus (-) (se definition Fig.2.7, Section 2.2.1), possibly due
to the loading arrangement shown there. However, the crack dev-
elopment and strain measurements showed definite symmetry in the

two shear spans, and it was not possible until immediately be-
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~

fore failure to see on which side this would occur.

The diagonal crack load Pcr defined as the load at which a
diagonal crack reached the center line of the beam cross-section
can be determined by the following expression in accordance with

Zsutty's extended formulae (Zsutty [70.1]1):

1/3
d,

so a bwd < 0.93 Vfc bwd (1.12)

Pop = 10.1(f_ p

Introducing f£_ =330 kp/cm® for series I and £, =250 kp/cm?

for series II, we find that

)
I

— 2 .
cr 4.6 Mp (vcr-—14 kp/cm®) for series I

and (1.13)

P
cxY

4.9 Mp (v__ =15 kp/cm?) for series II,

which is in excellent agreement with the test results (cf. Fig.
2.9).

1.4 Conclusion

1) A Comparison of the shear failure load of the beams with two
typicai formulae shows that there is relatively good agree-
ment with Hillerborg's formulae, whereas calculation in
accordance with ACI's formulae results in values that are

about 60% under the ultimate load of the beams.

2) The crack pattern and measurements with strain-gauges on the
concrete compression flange show that a significant arch

action develops in the shear span of the beam.

3} Measurements with strain-gauges on the longitudinal rein-
forcement show that from about 60% of the failure load and

up to failure, there is a considerable dowel action.

4) Measurements with strain-gauges on the stirrups show that,

in several céses; these reach strain in excess of 0.5%
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before failure. In view of this and the results of the

measurements of crack widths in the shear span, it should be

possible to use stirrups with a yield strength of 5-6000

2 .
kp/cm® as shear reinforcement.

5) Dial gauge measurements on the outside of the concrete, at

a level with the longitudinal reinforcement, result in values

that are, at maximum, ‘about 10% too low, compared with the

values achieved by means of strain-gauge measurements. The

best agreement is ocbtained when there is no local curvature

(dowel action) along the main reinforcement.
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2. TEST SPECIFICATIONS AND RESULTS

2.1 Beams

2.1.1 Production of beams

Each beam was cast in a steel form, the sides of which were rem-
oved 24 hours after casting, after which the beam was covered
with wet sachs for 4 days. For the last 9 days, the beam was
stored in the laboratory, where the relative humidity was about
50% and the temperature about 18°C. All beams were tested 14
days after casting. The dimensions of the beam and the ar-
rangement of the reinforcement deviated a maximum of 1 mm

from the specifications.

Together with each beam, a number of 15 cm diameter x 30 cm test
cylinders were cast, which were stored under the same conditions
as the beam. In series I, ten cylinders were cast for each

beam, and in series II, six cylinders.

2.1.2 Concrete

Portland high early strength cement ("Rapid") was used for the
concrete, For all beams the w/c-ratio was 0.71, and the Webe
equal to about & sec. The slump was about 1-2 cm. The aggfégw
ates used were concrete sand and sea stone in the ratio 35:65.

Fig.2.1 shows the sieve analysis for these two materials.

In series I, four cylinders were used to determine the splitting
strengﬁh of the concrete fsp , and six cylinders to determine
the compression strength fc-. Three of the compression cyl-
inders were loaded to failure at a loading rate of about

25 kp/cm® per min. The remaining three were loaded to failure
at a loading rate of about 6 kp/cm? per min. and these were used
at the same time for determination of the stress-strain curve
for the concrete. For this purpose, two strain-gauges (type,see
Section 2.3.2) were placed along two opposite generatrices (81)

).

and two stran-gauges perpendicular to these (82

In series II, four cylinders were loaded to failure at a loading

rate of about 25 kp/cm® per min. The other two cylinders were
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Fig.2.1l: GSieve analysis for concrete

loaded to failure at a loading rate of about 9 kp/cm? per min.,
and were at the same time used for determination of the compress—

ive stress-strain curve of the concrete..

For geries I, the compressive strength fc lay in the interval

from 306 to 357 kp/cmz, and for series II, in the interval from

209 to 286 kp/cm?. The coefficient of variation within each
casting was maximum 5%. The average value of fc for the in-
dividual beams is given in table I (Section 1.3.1). The aver-

age strength fsn was found to be 34.7 kp/cm? for series I.

Fig.2.2a shows two compressive stress-strain curves for each of
the series I and II, corresponding to minimum and maximum fC .

Fig.2.2b shows Poisson's ratio for two cylinders from series I.

Despite identical propertioning in the two test series, it will
be seen that fc in series II deviated significantly from fc
in series I. This difference is probably due to the fact that

the cement used came from two different batches.
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series I and II

2.1.3 Longitudinal reinforcement in tension flange
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A total of 4 no.K.20 Danish kamstdl (20 mm dia. deformed, hot
rooled bars) in two layers comprised the main reinforcement,
resulting in a total nominal area of reinforcement of AS=12,6cm2.
The arrangement of the reinforcing bars is shown in Fig.2.3 and
2.4.

The two reinforcing bars in each layer were cut from the same
length of bar, and in addition, a test bar was cut from this for
determination of the tensile stress-strain curve. Fig.2.5 and
2.6 show typical stress-strain curves. The figures also give the
average value yield stress (fsy) and the modulus of elasticity
(E) , together with the coefficients of variation & (in series
I, determined on the basis of six specimens, and in series II, on

the basis of 18 specimens). The uniformly distributed elongation

~
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distributed elongation at rupture (eu) and the ultimate strength

(fsu) are also shown in the figures.

2.1.4 Longitudinal reinforcement_in_compression_zone

The beams in series II were provided with longitudinal reinforce-
ment in the compression zone consisting of a total of 8 mm dia.
plan mild bars (R8)}, resulting in a total nominal reinforcing

area in the compression zone of 2.01 cm? . The arrangement is
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shown in Fig.2.3 and 2.4. Fig.2.6 shows a typical stress=-strain
The figure also shows the yield

(E)

curve for this reinforcement.
stress, ultimate strength, modulus of elasticity and elong-

ation at rupture (eu) .

In series I, the secondary reinforcement in the compression
flange of the beam consisted of 8 mm, dia., plain mild bars (R8)
placed perpendicular to the axis of the beam at intervals of

11 em. The arrangement aﬂd shape are shown in Fig.2.3 and 2.4.
This reinforcement was of the same type as the stirrup rein-

forcement used in beam T21.

In series II, the secondary reinforcement consisted of plain
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mild 5 or 6 mm dia. bars (R5 or R6) at intervals of 11 cm in
the bending span, the size of the bars being the same as that of
the stirrups in the shear span.

2.1.6 Web reinforcement
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The web reinforcement consisted of stirrups of plain, mild bars,
dia. 5, 6, 7 and 8 mm (R5, R6, R7 or R8). The shape and ar-
rangement of the stirrups are shown in Fig.2.3 and 2.4. The
tensile stress-strain diagram for the reinforcement was determ-
inated on the basis of one or two specimens taken from each

reinforcing bar. Typical stress-strain curves are shown in Fig.
2.5 and 2.6.

In series I, one of the bars was tested at periods of 2, 2% and
3 months prior to testing of the relevant beam, while the re-
maining bars were tested at pericds of 1%, 1 and % month after
testing of the relevant beam, corresponding to the order 7, 8
and 6 mm dia. bars (T22, T21 and T23). For the 7 and 8 mm dia.
bars, considerably higher yield strengths were found in the
~second test than in the first, as will be seen from Fig.2.5.
This was presumably due to the fact that the bars had been sub-
jected to final processing in the form of cold-working by the
supplier, e.g. a straightening process. The final strength
properties of the material are then first_reached after a matur-
ation period. The yield strength of thefWéb reinforcement on
the day of testing is thus not clearly defined for beams T21 and
T22.

In series II, tensile specimens were taken one month before the
time of testing and on the test day itself. In this series, no
difference in the yield strength was found between the two sets
of tests. About 25 single specimens were taken from each type

of reinforcement for determination of the stress-strain diagram.
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2.2 Loading

The beams were tested in the laboratory's 105 Mp hydraulic
flexural testing machine (Amsler), with the compression flange
at the bottom, see also Fig.2.7. The hydraulic jack at point C
was prevented from moving in the longitudinal direction of the
beam, while that at point B could rotate about a peint ap-
proximately 600 mm below the point of application of the load.
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The bearings at point A and D were pendulum bearings with a
pendulum arm of about 1600 mm. At jacks B and C , the load
was transmitted through two 10 x27 x3 cm steel plates, and at
bearings A and D , through two 10 x15x3 cm steel plates. At
each point, a %" soft wood-fibre plate was placed between the
steel plate and the concrete.

2.2.2 Loading history

o e wey oo oo pva v e —

in series I, the first five loading stéges each had a duration
of about 20 min., while the other loading stages each had a
duration of about 30 min. The readings given in the tables were
taken about 12 min. after application of each load as continuous
measurements showed that the strain in the strain-gauges did not

become constant until this point.

In series II, each loading stage had a duration of 7 min.
(although only 4 min. for beam T5). The dial gauges were read
6% min. after application of each load (results from series I
showed that the dial gauges gave a constant reading 5 min. after
loading) .

In both series, each loading stage was of the order of magnitude
of 1.0 to 1.5 Mp, as shown in the tables in Section 2.3. The
load was applied in steps of about 0.2 Mp, and the load was not

increased until the dial gauges showed a constant reading at
each stage.

2.3 Test results

All strain-gauges were read automatically by means of two data-
loggers (make: Solartron), the readings being taped with a view
toc computer processing. As a check, the readings were also
registred on a printer. A single reading of the total of 100-130
strain-gauges took 90 sec. At each loading stage, the gauges
were read "1, 4, 7 and 10 min. after application of the load.
After the 10-minute reading, the gauges were read automatically

at 90 sec. intervals. In this way, a total of 7-8 readings were
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taken at each loading stage.

An examination of the about 7 readings at each stage showed
that while the strain in the reinforcement remained in the el-
astic range, a stable state of strain occurred with 4-7 minutes.
When the strain in the reinforcement exceeded the elastic range,
only insignificant changes occurred after about 12 min.. In the
tables the strain is therefore given for the 5th reading (about
12 min. after application of the ioad).

The basic computer processing (control of correct punching,
temperature compensation and zero-correction) was carried out
by means of the laboratory's two standard programmes (Sprensen
[69.2]1).

The resolving power {including zero-point movement) of the
measuring equipment was about 8 x 107°¢ mm/mm , which is higher
than the accuracy of the strain-gauges (about 2 x 10~ *mm/mm) .

2.3.2 gtrain_along concrete compression_flange (series I) .
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85 mm strain-gauges (600 Q single-wire) were placed along the
- center line of the surface of the compression flange. The
arrangement is shown in Fig.2.8. The strain-gauges, incl. glue,

are linear for strain of less than 0.3%.

2.3.3 Strain along longitudinal reinforcement (series I)
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6 mm.straih~gauges (type UBM 6/120 LE 11) were placed in a
number of sections perpendicular to the axis of the beam on the
two longitudinal reinforcing bars in side S . The arrangement
of the measuring sections aimed af is shown in Fig.2.8. Four
strain-gauges were placed in each cross-section, see Fig.2.3.

In order to ensure that the strain-gauges stayed pﬁt, one bit

on each side of the reinforcing bar was ground away, see Fig.2.9.
The positions of the strain gauges deviated a maximum of *5 mm
from the intended posiﬁions. The strain-gauges used (incl.glue)

are linear for strain not exceeding 0.7% .

During the 14 days from casting of the concrete to execution of

the test, a regular check was made on the insulation resistance
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of the strain-gauges. It was found that 1-6 strain-gauges in
each beam had too low an insulation resistance and these had to

be left out of account.

Table IIIa-c shows the strain registered by each strain-gauge
for the three beams in series I. For beam T23, Fig.1.4 shows
the development of the force (NS) along -the beam, and Fig.1.9
shows the average strain along the beam in the bottom rein-
forcing bar, for comparison with the results of the dial gauge

measurements.

2.3.4 Strain_in_stirrups_(series I)
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Two 6 mm strain-gauge {(type HBM 6/120 LE 11) were placed on each
stirrup in the bending span. The gauges were placed on the
stirrup-leg in beam side S . The arrangement of the strain

~gauges is shown in Fig.2.3.

Table IVa-c gives the strain for the three beams in series I,
Near failure, the strain became so great in several cases that
the measurement range was exceeded (or the strain-gauge wires
broke). Fig.1.7 shows the development of strain in four stirr-

ups in beam T23.

2.3.5 Deflection measurements (series I)

Deflection measurements were carried out on the beams in series
I, on the tensile side by means of 1/100 mm dial gauges, and
on the compression side by levelling. The locations of the
measuring points are shown in Fig.2.8. The displacements given
in table Va-c are calculated from the line connecting two points
at a distance *(1500 mm+ %s) from the middle of the beams.
The inaccuracy on the displacements thus calculated is *0.3mm.
Fig.1.8 shows the deflection of beam T23 at various loading

stages.

2.3.6 Measurements with dial gauges
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In series I, deformation measurements were taken along the

bottom layer of the longitudinal reinforcement and along the
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middle of the concrete compression flange in the bending span,
see also Fig.2.8. The measurements were taken by means of

1/100 mm dial gauges. Table VIa-c gives the average strain
calculated on the basis of the measurements. Fig.1.9 shows a
comparison of the measurements with dial gauges with those

N\

taken with strain-gauges.

In series II, the deformations were only measured in the middle
span ~ partly along the center-line of the longitudinal rein-
forcement, and partly along the concrete compression flange, at
about the level of the compressive reinforcement. Table VII

shows the resultant average strain.

2.3.7 Cracking and crack widths
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-At each loading stage the cracks formed were mapped and numbered;
the nunmbering was carried out by drawing a line across the ends
of the cracks after each loading stage and marking this line
with the number of the loading stage. The relationship between
the crack number and the load appears from tables VI and VII in
Section 2.4. Fig.2.70a-n shows the crack pattern immediately

after failure for all beams, seen from the S~side.

Fig.1.10 in Section 1.3.7 depicts the development of cracking
at a number of loading stages for beam T23, seen from the N-side.
Table VII gives the maximum crack widths for the beams in series

I at a few loading stages.

2.4 Tables II-XIII, Fig.2.10
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Table ITa. T21: Strain along compression flange, strain-gauges.
=Pl s 2.6 3.9 5.2 6.5 7.8 9.1 10,4 11.7 13.0
0 -87 -175 -274 -376 ~489 -585 -701 ~819 -947  -107%
-225 -87 -182 -289°  -397 ~507 ~622 -753 -890  -1046 -1205
295 -85 -175 -275 -381 -487 -597 =720 ~842 -978  ~-1113
~660 -4 -126 -216 ~310 ~364 -438 =507  -585 -651 -630
660 -66 -130  -213 ~281 ~377 ~457 =532 -571 -603 -608
<870 ~57 -g94  -121 ~147 =145 ~2n6  -291 -27% =201 432
870 -9 ~102 ~123 -168 ~242 ~317 -331 -329 -305 -251
-1080 -28 -61 -85 -78 -88 -23 12 54 125 458
1080 -28 -55 -80 -87 ~54 -29 12 58 1561 398
-1290 <12 <73 =35 =36 -2k 31 55 33 173 185
1250 -10 ~21 ~31 -9 10 28 52 76 104 149
<1500 2 5 9 12 23 47 68 99 137 158
1500 5 9 12 16 29 48 71 97 135 199
Table IIb. T22: Strain along compression flange, strain-gauges.
P 0.2 1.7 2.4 3.6 4.8 6.0 7.2 3.4 9.6 10.8 12.0 13,2
0 -3 -61 -149 -234 -326 ~414 -507 -603 -698 -802 -907  -1013
-275 -2 -5t -132 -206 ~287 -365 ~t4g -537 -629 -732 -845 -965
225 -2 ~59 -142 ~218 -303 -395 -488 ~589 -587 -800 -916  -1034
7625 -2 03 =106 =166 -237 -310 =350 —459 <5kh ~627 -687 -1G41
625 -2 ~43 -109 -173 -260 -350 -438 -500 -573 -625 ~634 ~634
<800 -2 -35 83 ~130 -180 ~251 -305 -357 -407 ~40 =407 -327
800 ] -50 ~123 -173 -206 -253 -291 -384 -423.  ~454 ~471
=375 =2 <29 -58 =167 -125 -178 =218 =206 ~Zh32 52 -19% <6h
975 -3 -29 ~68 -102 -87 -194 -178 -175 ~152 213 36
~1150 ¢ -28 -50 ~71 -55 -52 ~25 12 100 320 1035
1150 o -17 2 ) -54 ~B6 ~58 ~19 10 68 156 222
1325 ) <19 ~35 =35 -5 12 33 69 90 118 21%
1325 0 =24 ~40 -i43 -2 -3 40 59 78 59 133
-1500 2 -2 3 5 7 21 33 45 62 81 113 126
1500 0 5 3 7 12 21 38 51 81 104 121 149
L.
Table IIc. TZ23: Strain along compression flange, strain-gauges.
o~ 0.2 1.2 2.4 3.6 4.8 6.0 7.2 8.4 9.6 10.8 12,0 13.2 14,2
0 -5 -59 ~140 ~222 -310 ~398 -487 ~574 -669 -765 -867 -977  -1103
=225 -3 -59 -140 -727 -315 -407 ~489 -590 -594 ~795 -908  ~1040 ~1167
225 -5 -59 ~142 -223 -312 -403 -500 -598 -707 -821 ~346  -1087 ~121%
-60D0 -3 ~50 ~121 -173 -258 -369 -4 94 =603 -699 -836 -984  -1050 -1191
500 -3 -50 -113 -180 -275 -362 -452 -525% =617 -771 ~810 -941 _ ~1075
~750 =3 4D -9z -139 <190 -199 “24% Z302 =330 =303 =743 =T S
7540 -3 -9 -97 -151 -204 -241 -272 ~313 -371 ~358 -326 ~385 ~46h
=900 -3 -33 ~76 -119 -133 -197 -227 -247 =335 -31p ~240 -84 -17
990 -3 -33 ~76 . ~113 -130 -218 -327 -366 -392 -343 ~3i6 -276 -272
~1050 -2 -23 =54 -87 -118 -128 -137 -138 -86 -29 59 233 706
1050 -2 -23 -4 8 -73 -85 -85 -59 -29 10 99 224 927 1046
-1720n -2 -16 =36 ~54 -61 ~43 -23 -3 39 78 134 288 532
1200 -2 -14 -31 -48 -61 -12 2 22 42 76 119 226 232
<1350 -3 -3 <14 =17 <73 3 74 42 65 87 110 156 369
1350 -2 -3 -14 -21 -28 0 16 32 51 76 101 134 165
1590 0 2 3 7 9 21 35 49 67 85 106 127 178
1508 -5 -2 2 3 3 1% 26 b2 63 88 119 103 199

lav}

in Mp, exclusive of we%ght of beam 0.15 Mp/m
Strain in

in mm.

10" mm/mm
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Table IITa: T21. Strain in longitudinal reinforcement
P
x 1.3 2.6 3.9 5.2 6.5 7.8 9,1 10.4 11,7 13.0
1 220 438 685 923 1166 1395 1634 1874 2105 2098
n 20| 207 402 616 829 1939 1246 1468 1686 1623 2069
3 184 358 553 746 936 1123 1324 1522 1724 2015
4 | 132 283 544 612 771 989 1108 1784 1472 1705
I 1G5 L07 645 878 1112 1351 1598 1841 709D 7411
-225 2 151 396 633 846 1060 1269 1493 1713 1939 7189
3 128 331 534 725 921 1108 1307 1504 1707 1927
4 121 318 517 693 865 1033 1211 1389 1573 1778
i 186 379 630 875 1116 1349 1594 1837 2084 27149
ags 2 153 329 582 808 1024 1234 1455 1675 1904 2193
>3 151 316 534 731 923 1120 1321 1520 1722 1956
4 | 147 299 511 700 875 1047 1229 1403 1583 1797
T | 211 G00 632 867 1118 1365 1619 1876 71k 2 2390
4oo 2 188 366 565 754 a4 1125 1321 1514 1719 1966
20 3 {170 331 530 725 a94 1118 1321 1523 1736 1958
4% | 176 339 515 676 825 972 1125 1273 1420 1575
T | 203 00 697 3TE 1083 1317 15672 1807 2059 3216
450 2 139 392 588 794 989 1185 1393 1606 1876 2069
3 178 343 538 735 637 1118 1315 1510 1703 1918
? 182 348 526 687 834 976 1125 1275 1432 1611
660 2 149 354 576 766 953 1114 1263 1418 1590 1887
3 117 285 467 635 821 1030 1261 1481 1703 1906
4 1117 276 454 595 737 867 989 1093 1187 1278
1 167 364 518 909 1185 1460 1745 2036 2299 7815
660 2 136 304 598 685 365 1039 1231 1416 1621 1891
3 121 270 473 710 928 1148 1353 1566 1782 20611
4 [ 109 251 425 584 702 794 8§94 997 1100 1221
¥ 103 222 490 628 ! 1108 1393 1675 2025 7603
870 2 | 103 228 440 6522 746 857 378 1081 1175 1003
Vo3 80 189 158 513 656 790 961 1145 1345 1715
L 78 182 369 521 687 823 934 1011 1058 §04
1 92 239 4972 731 951 1167 1LLg 1669 1889 7103
870 2 80 199 373 534 731 940 1116 1296 1489 1677
3 67 163 360 547 785 961 148 1317 1564 160k
4 63 165 360 433 509 681 8§80 1055 1231 1374
! 30 136 283 482 7h4 578 1196 1433 1753 2008
-1080 2 38 132 289 492 549 - 5662 7632 823 B50 911
3 33 g4 214 %15 585 56O 766 877 1039 1280
b 1. .29 77 189 423 Sl 653 765 386 9.7 11kl
1 65 122 232 356 630 811 10672 1347 1734 2180
1080 2 5k 107 216 425 576 708 794 T 8%2. 834 748
503 42 83 173 327 488 632 790 965 1240 Lh6 &
b 36 78 199 387 519 675 926 984 951 307
[ 19 38 &7 188 387 700 930 1158 14ty 1675
~1290 2.1 2 34 78 235 329 400 827 L27 425 362
303 15 31 52 138 300 528 658 767 ans 1129
4 10 21 38 144 293 465 572 679 758 940
1 19 L8 100 268 4472 532 884 1099 1330 TRGT
12490 2 15 38 82 291 371 4072 406 389 383 423
-3 13 29 56 189 274 354 515 679 878 1072
b 13 34 71 343 545 637 689 723 792 984
1 =7 ~§ -15 ~15 -4 i 71 111 14y 185
“1soo 2 1 21 29 52 98 279 419 568 785 1053
3 4 8 13 19 35 149 233 331 477 660
4 10 19 29 40 65 219 341 430 697 1033
1 -6 -10 =15 -1 N ¥y 95 130 163 18%
2 4 13 25 48 105 226 368 501 758 389
1500 3 0 6 10 30 61 93 161 245 346 467
b 11 21 33 52 98 218 34k 534 74l 981
P in Mp, exclusive of weight of beam 0.15 Mp/m
¥ in mm. Strain in 107" mm/mm
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Table IIIb: T22Z. Strain in longitudinal reinforcement

x P io.2 1.2 2.4 3.6 4.8 6.0 7.2 8.4 9.6 10.8 12.¢ 13,2
1 6 132 356 . 568 781 988 1194 1401 1604 181y 2023 2262

o2 4 113 333 524 718 905 1097 1288 1478 1669 1866 2065

3 6 96 289 UG5 651 823 999 1175 1347 1523 1703 1885

i 6 94 318 482 647 802 963 1122 1278 1439 1602 1768

1 8 8% 714 571 761 955 1166 1367 1566 1776 1987 7157

295 2 6 96 331 528 725 917 1104 1292 1481 1675 1874 2094
3 6 82 270 452 635 817 997 1173 1347 1525 1707 1885

Y 4 78 270 b31 595 743 901 1062 1219 1384 1548 1713

N B 1332 350 553 L 965 1155 1370 1569 1775 1979 71%h

225 2 10 128 329 517 716 915 1110 1303 1495 1690 ° 1891 2098
3 8 103 274 442 624 811 988 1164 1333 1514 1694 1874

" 6 105 293 446 614 790 957 1122 1282 1545 1610 - 1774

1 g 125 358 563 769 957 1162 1363 1564 1763 1981 7167

450 2 15 111 331 517 712 901 1093 1287 1744 1953 2167 2352
3 6 86 272 ugt 624 798 974 1156 1322 1497 1671 1837

i 6 71 272 434 607 773 933 1091 1242 1397 1550 1690

1 6 117 373 538 750 §53 1166 1367 1571 1789 2006 7168

bsp 2 6 107 312 498 685 869 1058 12472 1424 1611 1801 2008
3 4 88 287 467 643 813 986 1154 1330 1510 1690 1864

5 4 71 278 448 595 743 892 1037 1187 1338 1487 1631

1 g 77 770 480 505 394 1095 1798 1459 1707 1929 2171

—g2s 2 4 73 258 456 641 810 972 1129 1286 1445 1629 1822
3 2 63 228 419 616 810 947 1185 1365 1543 1698 1830

5 4 57 211 389 568 727 875 i018 1150 1277 1382 1462

1 5 g7 787 4937 718 996 1153 1393 1613 1835 7054 7739

625 2 6 77 264 459 655 836 1907 1164 1322 1497 1680 1893
3 4 65 224 396 570 739 917 1127 1300 1460 1613 1761

4 2 4 189 369 557 733 867 984 1112 1238 1363 1589

1 z 52 149 366 582 777 975 1167 1368 1579 1920 2287

800 2 2 54 193 394 557 699 338 980 1118 1261 1372 1502
3 4 48 138 316 496 658 831 1087 1185 1357 1619 1860

4 4 40 115 291 498 535 758 857 957 1051 1049 863

1 " 56 732 577 543 356 1065 1769 1497 1755 7010 7293

200 2 2- 59 199 396 567 595 829 986 1133 1296 1466 1671
3 2 50 163 358 528 720 915 1089 1275 1453 1623 1795

g 2 48 138 335 459 586 674 789 886 972 1016 1049

1 2 40 122 251 455 530 813 980 1137 1083 1426 1552

—975 2 -2 34 109 237 385 513 660 811 9638 2568 1376 1634
3 -y 29 92 201 358 473 595 716 827 965 1085 1187

i 2 31 88 201 371 473 563 660 769 942 1148 1458

1 5 17 113 768 965 1167 1okl 1474 1763 3676

975 2 0 3 197 253 6O 552 718 792 921 1014 258 1870
3 0 29 160 228 373 498 74y 857 1039 1223 475 1577

& -2 29 82 209 546 567 570 731 84l 940 976 875

1 0 25 67 155 785 3k 565 731 907 1156 1851 2289
“1150 2 0 15 5 157 852 513 1376 633 1233 1328 1187 984
3 0 13 52 124 340 161 $68 130 649 8Ly 281

g 0 2 36 124 350 Lg2 655 75h 764 672 557

1 0 is 97 195 564 <28 330 3956 1122 1215 1285 1409

1150 2 0 23 86 173 320 423 494 597 647 825 1028 1321
3 2 71 73 155 310 456 628 768 307 1066 1150 1125

4 0 17 63 167 306 362 398 421 44K 567 957 1487

1 ] 0 17 52 157 331 7156 651 808 g4 g 1100 536
1325 2 3 13 31 52 158 274 270 333 169 425 563 1066
3 0 8 25 4 122 295 423 559 700 852 972 417

g 0 10 25 44 151 379 369 362 359 343 584 1724

1 0 11 29 71 167 343 498 649 787 949 1135 1257

1325 2 2 11 23 50 134 249 310 371 417 448 473 595
3 0 0 618 46 <18l - 235 645 519 Tub 773 892 1079

4 9 0 28 938 272 362 470 555 649 725 917

1 —2 -y -5 -8 -10 15 52 2y 109 171 119 77
~1500 2 -2 4 10 19 33 80 170 285 419 589 819 1420
3 -2 2 3 10 15 36 57 25 136 207 323 611

4 0 5 15 23 33 56 90 144 235 367 597 1173

] Ty =7 Sy -1 2 21 56 Ti7 161 701 237 758

1500 2 -y 2 6 11 25 57 126 253 369 530 687 856
3 -2 2 6 11 21 34 59 134 209 302 4oy 537

4 -2 4 10 15 75 33 65 170~ 2381 423 584 810

P in-Mp, exclusive of‘weight of beam 0.15 Mp/m
X in mm. Strain in 107 mm/mm
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Table IIIc: T23. Strain in longitudinal reinforcdement
x P 2 1.2 2.4 3.6 k.8 6.0 7.2 8.4 9.6 10,8 12.9 13,2 14,2
1 6 126 352 576 ~ 199 1069 1225 1492 1636 1841 2050 2205 2071
0 2 8 113 312 505 697 550 1079 1254 1445 1626 1815 2069 2092
3 6 - 92 278 us7 633 810 98k 1146 1326 1495 1667 1862 2260
i 71 80 293 467 630 . 785 938 1078 1234 1382 1531 18572 2046
i 8 167 341 5547 766 974 7185 1350 1590 1791 1991 2165 3054
225 2 6 94 297 500 697 896 1089 1267 1462 1650 1837 2003 2126
3 6 71 272 456 533 211 988 1150 13246 1491 1654 1847 2167
i 6 7! 276 433 593 740 894 1032 1183 1326 1474 1640 1897
1 3 105 370 5§38 743 949 1156 1359 1585 1793 2002 2205 2117
7 11 109 299 497 BBS 878 1070 1252 1455 1642 1833 2041 2130
225 § 4 84 279 w67 643 819 997 1164 1347 1518 1686 1872 2092
i B 77 233 389 54 702 859 1011 1187 1351 1514 1644 1916
1 -6 ) 175 547 731 921 1112 1792 1495 1695 1899 2111 2117
40 2 4 105 295 484 670 857 1045 1217 1407 1587 1784 1989 2061
505 4 88 266 540 612 781 951 1108 1273 1432 15990 1759 1962
i 4 73 243 379 519 566 817 955 1108 1252 1416 1585 1799
1 ] iG7 356 565 767 975 1175 1363 157% 1770 1975 7148 7396
k5o 2 6 111 306 49y 689 877 1060 1234 1626 1610 1799 20085 2040
3 6 101 279 457 637 808 980 1139 1317 1483 1618 1826 2606
& 6 8k 260 438 624 789 951 1059 1259 1589 1556 1717 1945
1 5 73 795 Lg% 70k g1 1129 1332 1566 1780 7008 2345 7371
600 2 4 61 256 457 633 310 972 1120 1280 1435 1594 1756 2633
3 L 59 253 L36 611 789 963 1131 1319 a7 1671 1845 2042
4
1 ) 59 266 WBh 689 388 1091 1786 1500 1717 1953 2147 7056
2 1o 78 264 580 681 8890 1065 1233 1426 1608 1761 2010 2113
600 4 65 230 517 588 756 919 1076 1250 1409 1548 1709 1543
4 6 61 226 396 568 750 903 1043 1134 1376 1439 1579 1761
1 7 ] 717 435 551 538 1607 1158 1382 1571 1767 20038 7159
2 M 52 709 394 $76 741 915 1093 1294 1468 1640 1826 1143
=750 5 4 48 189 362 526 679 825 947 1100 1246 1382 1506 1627
L 6 46 180 350 477 545 733 8956 1213 1386 1527 1613 1726
1 3 52 328 410 530 821 1035 i248 1483 1757 2078 7791 2705
2 6 56 205 390 599 766 93y 1074 1213 1370 1537 1770 1967
730 4 4 48 188 137 500 649 829 1065 1200 1376 1554 1728 1948
i 6 50 172 348 515 549 825 959 1078 1145 1152 1715 1313
1 78 166 211 358 578 i1 1018 1202 T2k 1565 19249 2693 2974
2 6 56 157 291 496 61k 735 840 947 1055 1160 1215 1382
-908 4 2 b4 149 260 463 632 794 345 1146 1322 1497 1908 2170
4 y 42 132 243 452 574 670 71 777 798 787 524 406
1 (n §7 15g 335 547 741 94y 1139 1349 T5eg 1755 7017 7176
2 4 40 149 318 433 614 729 ghh 974 1131 1347 1518 1633
980 5 6 38 134 276 480 630 806 965 1123 1282 1365 1493 1610
4 0 29 121 291 461 567 653 720 787 865 1126 1145 1154
1 G 77 9% 193 362 555 Fou 547 1152 1433 1736 1872 2084
2 2 25 103 211 396 549 656 723 829 871 917 1211 1223
-1050 4 4 27 94 189 339 482 643 798 945 1196 147 1531 1718
4 2 21 78 168 329 465 526 727 792 748 691 653 928
1 (n 31 86 172 392 595 736 EEE] 1074 1270 1653 5013 7239
2 4 29 84 178 381 Shi 670 789 894 949 1024 1053 935
1050 5 4 29 78 163 377 524 630 739 894 1156 1326 1567 1826
4 4 29 7i 161 373 475 570 655 762 756 796 794 7l
1 n 23 63 T 256 ¥57 551 706 861 976 g4g 7687 TI71
2 2 19 59 144 272 508 509 609 723 92} 1177 1355 1433
~1200 2 17 52 121 234 390 596 605 735 842 352 1833 1202
4 2 13 42 103 233 360 408 450 509 722 1122 1ai} 1569
i [ 21 46 ] 718 501 669 79% 933 1626 1137 1937 1533
7 6 21 56 90 228 415 593 588 762 9338 1087 1150 1656
1200 5 b 19 42 78 153 379 4oy 622 760 936 1085 1282 1564
4 6 17 38 71 170 270 302 346 436 697 937 1899 1037
1 ) il 71 71 [zh 757 467 599 756 94 g 1148 1367 1785
2 2 8 19 29 108 310 337 352 371 377 373 411 767
-1350 3 0 4 15 23 8t 216 3l 427 515 614 773 988 370
i 2 6 13 17 78 333 452 534 641 712 769 953 1537
1 ¢ It 27 38 65 186 7638 343 463 597 737 897 [H
2
1350 3 2 10 19 36 59 186 278 358 443 576 729 B5h 674
4
1 [ i3 “11 -39 -34 77 & 3h 61 61 36 57 %37
2 " 5 11 11 27 61 168 308 494 679 898 1192 1460
-1500 8 6 10 10 21 48 92 lss 230 299 373 480 628
i 10 6 11 15 29 54 115 197 364 526 723 1064 1624
3 4 -6 =10 23 ~21 pr3 23 53 108 136 Thh 103 T4%
2 6 4 19 6 13 49 109 237 592 586 769 1053 1280
1500 3 6 2 8 2 1 36 71 115 180 253 335 4L 559
4 4 6 13 11 23 52 121 235 390 580 798 1159 1LEL

P
X

in Mp, excl. of weighg
in mm. Strain in

107

of beam 0.15 Mp/m
T/ mm
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Table IVa: T21. Strain in stirrups
o~F 1 1.3 2.6 3.9 5.2 6.5 7.8 9.1  10.4 11,7  13.0 2— — -
550 1 -2 2 19 48 96 182 344 590 695 871
20, -2 36 153 253 369 538 775 961 1185 1361
1 -6 ‘17 67 90 128 220 371 521 685 Btk 1— — -
350 5 | s -15 19 101 211 331 505 689 880 1055
Y prn 4 115 318 599 278 1708 1569 1885 1952
AR 6 21 270 526 829 1100 1411 1856 3514
11 -13 -27 17 100 299 679 1064 1359 1724 1899
765 5 4 19 61 140 293 497 863 1167 1638 1768
1 It 0 98 505 850 1041 1309 1860 5332
=975 4 10 -6 33 383 706 951 1211 1633 2010 2078
1 -2 -6 52 233 421 637 1581 2077 2021 2021
975 5 2 -2 21 191 34y 584 1148 1552 1864 1952
1 Ty <10 2 163 45g 1137 1051 1763 229%
-1185 , 9 2 13 88 333 1007 1338 1688 1983 2042
T -k -6 11 106 664 997 1261 1656 2544 3770
1185 . 0 g il 262 679 1047 1338 16398 2957 2249
1 =6 11 <13 -2 31 Zh1 357 480 662 878
-1395 5 | 10 ~13 -15 -10 19 237 379 536 720 926
I -2 -8 -15 -2 59 163 289 417 557 631
1395 -2 -8 ~11 -4 2 46 178 346 530 718
1
Table IVb: T22. Strain in stirrups
N 0.2 1.2 2.4 3.6 .8 6.0 7.2 8.4 9.6 10.8 12.0 13.2
1 0 -5 - 21 72 154 238 314 408 1983
=538 4 0 -4 ~13 57 196 337 467 583 686 781 874 1006
1 0 -4 19 32 46 59 82 107 139 185 249 799
538 4 0 -2 -17 2 65 1489 227 295 371 446 518 581
1 0 2 38 110 166 24% 337 438 S6h 695 8072 983
-713 0 -2 -10 -5 154 33¢ 568 779 1055 163k 5263
il -2 -k -8 19 46 97 232 u78 648 765 925 1198
713, 0 0 11 74 141 244 453 716 1640 2579 ° 3465 4288
3 0 -2 2 51 118 196 293 38¢ 524 630 1118 1622
-882 , 0 6 6 13 158 432 657 916 1198 1484 2305
1 -2 -2 2 55 143 272 A 672 1027 1575 2842 4636
888 4 -2 0 -10 0 187 361 526 752 1320 1960 2507 4690
- 1 o =% 11 36 234 W67 730 1518 3310
-1063 ,
1 5 -2 -6 10 61 158 AN 653 733 1072 2672
1063 , -2 -2 0 304 202 570 96 1615 2181 2682 3234 3842
1 ] % -1 -2 79 778 508 835 1194 1834 3673
-1238 5 0 5 6 6 121 379 1103 1314 1697 2099 2674
1| -2 -2 -4 32 76 335 738 1994 2248 4189 5312
1238 4 0 o 2 23 30 128 549 808§ 931 1488
1 4 - Ti3 -7 17 19 X 107 173 272 437 1078
-1413 , -4 -5 -3 -8 -10 -5 -2 1c 32 82 225 659
1 -2 -19 -19 -27 -21 34 131 387 575 810 1038 1270
1413 5 -2 -8 -13 -23 -21 -21 -25 -4 17 55 11y 200
Table IVec: T23, Strain in stirrups
P
< 0.2 1.2 2.0k 3.6 . 4.8 5.0 7.2 8.4 9.6 10,8 12.0 13.2 14,2
55 1 -2 -12 -2 g 42 98 171 254 508 525 533 746 792
2 0 -8 -12 31 142 254 367 431 679 210 925 1044 1098
1 2 -8 -23 -12 17 54 100 146 208 262 312 367 442
525 4 1 oy -12 =25 8 73 163 254 335 435 519 587 667 773
675 1 0 -2 10 3] 83 127 275 349 743 953 T712 1717 . 2196
675 4 0 -6 -4 40 169 213 275 354 531 733 17 2750 5396
i 0 2 2 29 > 115 187 377 552 760 1088 1527 3127 4685
675 4 2 29 117 223 288 510 594 815 1223 2604 3556 4304
-825 ;
1 2 -y -6 -2 106 350 558 813 1163 1875 5290
825 , 0 -2 10 96 512 779 877 1188 1523
1 2 r -2 9 165 385 817 1756 1648 3088 5363
=975 4 2 -2 i 33 152 327 715 1075 1338 2138 3658
I 2 -2 -5 23 167 344 456 667 1033 2215 3379 5198
975 4 0 -7 -2 8 131 349 406 592 927 1688 2340 3806
1 z 2 2 1s 152 525 385 1247 1948 2681 47208
-1125 , 2 0 2 27 137 502 821 1112 1587 2058 3629
1 2 -2 -2 8 77 306 543 84k 1069 1569 2612 5248
C1125 5 2 -2 -2 4 13 806 1281 1921 3200 4721
i 0 <6 17 =13 38 529 971 1333 7725 T413 5710
-1275 5 2 -5 -10 -13 -4 185 565 887 1363 1596 1819 2317
1 6 -2 -4 13 31 546 946 1387 2075 5052
1275 4 o -4 -4 2 2 181 394 670 1012 1158 1250 1415 2179
e 1 % -1z =73 -46 =58 =54 3 69 196 373 502 792 1013
=1425 , 2 -10 -17 -37 -kt -by -48 -40 31 119 256 481 540
X 1 9 -4 -6 -15 -13 13 81 183 319 498 700 1040 1188
1425, 2 -2 -2 -10 -6 8 12 15 100 212 356 617 769

P
P4

10-°

mm/mm

in Mp, excl. of weight of beam 0.15 Mp/m
in mm. Strain in
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Deflection of tension and compression flange

T21.

Table Va

in Mp
in mm
in mm

P
X
Deflec.
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peflection of tension and compression flange

T22.

Table Vb

Y- ek I KKl

UoiSsasduwod

N RO S NN A R @ NN
M N N L P L LI AR
" - D O IR LT R TN G 00 WD P e U e O o O WA O O PN
- e e ] et e

Q| VMM O NI TW O - © DA N TS D P TN T N

I R S S [

o WO 0D NSO HEW P OO N @O =] B e A PN D0 e O v OO P oD D M W@ T NS D e AN A TN O N

- — - “ I N N A R P A R

P R Y o A Kk I N T R D NS O D T M
~ ] —

0] wOoTATIMaOOE N LOT QRN ~

3 B A RN e s m e s e omeom oo

S| MMAN SO O NS NN P R R R i 14 @ [N H T NI AN N NE R e LN O RN D P N A D s 0

— = — - P A T R R P T N T
m. O | MM T O GNO N0 N T N O M LA AD B0 80 D 00 O W W T N

™ - port
~

O] MOV TREW N WY AR E L D D P N D T [t

P S [ R L L

Gl o T L e C e A B O P L LD P G e D LA S O -} 06381.“18?70197&.0 NT ITWOOIWNTOPE@INT N

e | e v o P A e e e e e e s e e e e -
m“ -2} OO MY A LD P e 00 I e WD B O N N TN e e e ar BT
=

S AN T 00T ™ — e DD MR 00 WD S Y %

P I PR .

@ | MM ino s Mo SRS D D T A R ot R o B R de e A I e i A
S ®© |[cumTnnerEnInTIRSNO B o B s N T VIR S L S ]

N OO CRT A MDD SR P M 000N D o)

. - * & & ¥ + 2+ 4 m - * o+ o+ a2 * 2 = = = s s aw "

P B N T AN AT IO NS N v S MM S e s omanmnE | TN eRTnasTnIns
o) N~ EmHOMIINONTINNAD O mMoMITNRNT ITNNAC
fis3

Sl WO T NE AN A 00 OIS et D D N

I R T R R R O 1B MO D NG M @ M A D I~ O D P -

w S SNMMNT NN O NS T MNIN SO n - -:--»;J.-.rﬂo,—- --anluﬂun\l”tos-vuhnna._
m [¥=] SN AN O 3 oed e B Y ML A N N e O
w0

o Y- o R e WD B0 DD 20 O GO M P EN %

. R ] P . R " o TOT oMM AT QoS NN MO MM W e n QoW

I -~ R g T s R ! e N R =] +~ - e I T e e

=+ OOt UMMM NN~ OO 7o el AN NN NN O

Wl FHENE NN TN NG T GO N LA O S A O ER I G0 I

- s n s w s 2 s e+ w e & o P S A n (e CNUE G NN m MM S SO MNO A ONANOT NI N NS N

| O D v O BN N e D D O ot N N N SO o) . e e % e 4= 4 os s s oaoa e oaw “ 4 4 n e e e e % 4 oeoa o oeoa
-l Laal (== I I - - T N - C5 D O et v e O e e O

=& O e Tt MY LA M e O e MY MUMILAD P ED e o OO0 U TN e

. P A I A L — F I EMNMEEC NN~ O WD T T POV D P B0 O T e G ED D AN

N CC O AR A - e Q@ P g Sy o . N N N O P N

(] OO C e~ OO0 oo OO R eed e OO
%

o~ — oy M [N a BT S A AN S wd -

M TR I N AL T e S . DT I A g NN NI N I R N

il oo cococcaao P R I R R e e moe e e e e e e e e e

< PR o ~ lccocowccocoormae CooLBooDLCBTCOT O
t
(]
=

N eescResaeEces | eeoeesesseses N | ceorooorOOCOD | CODDOCOCOODORDDO
. P e N N

(=4 Co@ooooDoD o oo DOoODOC OO OO COOO =3 O DO OO DO O O ey
o OO

o MO M N @ RN NN T e ~ v o

et WD D ot P bt 00 W5 M 13..30%””03””0@”” — L NS - BT N R T Y AR R WS W AN 0 0 W W A D N
L o e N NN NN N P O PO AN PN N

= N D e VP00 O T NS0 PN LT =T o e b I BN =V = TN ["a)

D AN T TN O

Kl -t T4 1 el — 11 1 e e K| = E T Lanomen :..,,.mvo.un“;.hmw‘.
[ [ B [ [

uoysuUal WO} 5SIAdWol do | sLel




43

Table VI, Series I: Strain along longotudinal rein-
forcement and compression flange,

T21 P: exclusive of welght of beam 0.15 Mp/m
Mo. p -2 -1 t +1 +2 c .
(Ep) o/oco o/oo o/oo o/oo ofoo o/oo
1 G.2 0,13 0.0 0.04 -0,04 -0.05 0.02
2 1.2 .07 N.17 0.08 0.07 -0.12 ~-0.02
3 2.4 0,11 0.33 0.33 0,23 -0.,15 ~0.,07
4 3.6 0,13 G.53 .49 0.43 0.03 -0.12
5 4.8 G.28 0.79 0.66 0.59 n,o3 ~-0.,17
6 6.0 0.28 0,95 0.89 6.83 0,22 -0.1¢
7 7.2 0.42 1.14 i.12° 0.93 0.29 -0.26
8 8.4 0.51 1.28 1,32 1.06 0,36 ~0.36
9 9.6 0.72 1,55 1.46 i.31 0.59 -0.46
110 10,8 0.80 1.75 1.65 1.52 N.68 =-0.52
11 12.0 0.98 1.98 1.8%4 1.78 0.89 -0.68
T22 P! exclusive of weight of beam 0.15 Mp/m
Mo, P -2 -1 L +1 +2 C
(Mp) o/oo o/so ofoo o/oo o/oo o/oo
1 1,3 0.03 0.14 0D.1% 0.13 0.01 -0.05
2 2.6 0,12 0,30 06.28 0.30 0.04 -0.09
3 3.9 0.1% 0.53 0.55 0.53 0.10 -0.15
L 5.7 0.29 0.74 0.76 0.76 0.23 ~0.20
5 6.5 0.41 ¢.99 0.96 0.93 0.36 -0.27
6 7.8 0.55 1.23 1,18 1.18 0.56 -0.33
7 9.1 0,72 1.44 1.40 1,40 0.69 ~0.40
8 10.4 0.85 1,72 .62 1.59 0.85 -0.47
9 11.7 1.05 1,87 1.85 1.79 1.04 ~0.55
T23 P! exclusive of weight of beam 0.15 Mp/m +
No. p -2 -1 t +1 +2 c
{(Mp) 0/o0 o/oo o/oo a/oo o/o0 o/oo
2 1.2 9.00 0.05 0.09 0,08 0,08 ~0.08
3 2.4 -0.02 0.21 0.726 0.22 0.10 -0.13
i 3.6 0.03 G.33 0. uh 0.4k 0.12 -0,17
5 4.8 0.06G 0.58 n.68 0.64 0.21 ~0.21
6 6.0 0.21 0.68 0.90 0.80 0.31 ~0.24
7 7.2 .31 0.93 1.06 0.96 0.42 -0.37
8 8.tk 0.41 1.407 1.23 1,19 0.63 ~-0.35
9 9.6 0.56 1.29 1.38 1.42 0.80 -0.43
10 i0.8 0,74 1.51 1.62 1.62 0.94 -0.53
11 i2.0 0.54 1.55 1.79 1.77 1.14 =-N.,55
12 13.72 1.17 1.84 2.04 2,08 1.29 ~-0.59
P P
c
¥ /
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Table VII, Series II: Strain along longitudinal reinforcement and compress-

ion flange, dial gauges.

Numbers of cracks.

Ho. P c L No ., P c £ No. P [ £
Mp o/oo oloo Mp o/oo o/oo Mp c/oo0 a/oo
Tla Tha T3b
d 44 57 d 43 57 d 35 57
1 1.5 ~0.05 6.12 1 1.3 -0.05 0.12 1 1.0 -0.03 607
2 3.0 -0.12 .36 2 2.6 -0.12 0.32 2 2.0 -0,08 0.21
3 4.5 -0.18 8,59 3 1°3.9 -0.17 0.51 3 3,0 -0,12 0.37
4 6.0 -0.25 o.80 4 5,2 -0.23 0.71 4 4,0 -0,17 0,52
5 7.5 -8.32 1.03 5 6.5 -0.27 0.90 5 5.0 -0,21 0.67
6 9.0 ~0,40 1.26 6 7.8 -0,32 1.10 6 6.0 -0.25 8,87
7 | 10.5 ~0.50 1.49 7 9.1 -0, 4D 1.29 7 7.0 -0.30 ©.96
s | 12.0 -0.,60 1,73 8 |10.n -0.48 1.51 8 8.0 ~0, 35 1.11
9 | 13.5 -1.06 7.18 9 |11.7 -0.55 1.71 9 9.0 -0.40 1.27
10 13.0 -0.63 1.85 10 10,0 -0.4L 1.42
11 [ 13.5 -0.6% 2.06 11 | 11,0 ~0.51 1.57
T2a 1z | 11.8 -0.56 1,70
Tib
d 43 57 Thb
d 32 57
1 1.3 -0.05 0.10 d 4o 57 .
2 2.6 -0.10 0.31 1 1.2 -0,06 0.12
3 3.9 -0.15 0.53 2 2.4 -0.10 0.27 1 1.9 -0, 04 0.07
4 5.2 -0.21 n.72 3 3.6 -0,16 0.46 2 2,0 -0,08 0.18
5 6.5 -0.26 0.93 b 4,8 ~0.21 9.65 3 3.0 -0.15 0.36
6 |- 7.8 -0.32 .12 5 6.0 -0.26 0,82 4 L.o -0.20 0,51
7 9.1 -0.39 1.33 5 7.2 ~6.32 1.00 5 5.0 -0.25 0.56%
g | 10.% ~0.47 1.54% 7 8.4 -0.38 1.17 5 6.0 -0.31 0,84
9 | 11.7 -0.56 1.76 8 8.6 -0, 45 1.37 7 7.0 -9.135 9,99
16 | 13.0 -0.66 2.10 9 110.8 -0.53 I.55 8 8.0 ~B.41 1.14
11 { 13.6 ~0,77 3.18 10 |12.0 ~0.6k 1.72 9 9,0 -0.47 1.29
11 1 13,6 -0.85 4,41 10 | 10.0 -0.53 1.63
11 | 13.9 -1.07 7.30 11 | 10.9 ~0.58 1.58
T?b
T3a T5
d 36 57
d 34 57 d 35 57
1 1.2 -0, 04 2.08
1 1.3 ~5.05 n.11 2 2.4 -0.12 0.26 1 1.2 -0,04 5,09
2 2.6 -0.12 0.33 3 3.6 -0.16 0.46 2 2.25 | -0.09 .26
3 3.9 -0.17 D.51 4 k.8 ~0.23 0.65 3 3.3 -0, 14 o.b5
4 5.2 -0.23 0.71 5 5.0 -0,28 0.82 4 b,k -0.18 0,62
g 6.5 -0.30 0.%1 3 7.2 ~0.35 1,01 [ 5.5 ~0. 24 0.79
6 7.8 ~0.,35 1.11 7 8.4 ~0.42 1.18 6 5.6 «0,29 0,95
7 9.1 -0,42 1.31 8 9.6 =0.50 1.36 7 7.7 ~0.36 1.12
g | 10.% -0.49 1.51 9 |10.8 -0,58 1.56 . 8 8.8 -0.472 1.30
g 1 11.7 ~0,60 1.73 10 | 12.0 -0.68 1.75 g 3.9 -0,47 1.59
10 | 13.0 ~0.60 1.93 11 | 13,2 -0,91 2,00 10 § 10,4 ~0.51 1.55
P: exclusive of welght of beam 0.15 Mp/m
P P
c 3
M_Lm__.p—{
t :
M ‘:1
[ P
Po525 825 900 o525 K25 U
Ly Lo B el B b gt B hagl
Dimensions in mm
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Maximum crack widths

Table VIII, Series I:
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2b

14

Crack pattern after failure, beam T4a, 1b

Fig.2.10c:
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