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ABSTRACT

The paper reports on 26 shear tests on simply supperted T-beams
subjected to symmetrical two-point loading. The webswere rein-
forced by vertical stirrups. The principal variables were the
degree of shear reinforcement and the strength of the main
reinforeing bars. A few tests with different stirrup arrange-
ments were included,.

With the purpose of investigating the shear failure mechan-
ism, the rotation of the beam end over the support was measured,
and two beams were cut through at normal sections to reveal the
interior cracking.

The principal conclusions drawn from the tests are as fol-
lows:

- The failure mechanism consists of a translation of the

locaded section with respect to the supported section, with-
cut any rotation of the beam end;

-~ The ultimate load is independent upon the strength of the
main reinforcement, provided it is strong enough to ensure
a proper shear failure;

- The ultimate load is independent upon the degree of shear
reinforcement, when the latter is sufficiently high;

- The ultimate load is in good agreement with the web crush-
ing criterion based upon the theory of plasticity (cf.
Chapter 1 and references [1]=[4]).
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INTRODUCTION

Dating back to the spring of 1973, a theoretical and experi-
mental study of the shear strength of reinforced concrete beams
is being carried out at the Structural Research Laboratory of

the Technical University of Denmark. The project is sponsored

by the Danish Council for Scientific and Technical Research,
which has granted funds for three years of experimental in-
vestigation.

The purpose of the present paper is to report on series T,
the first test series of this programme, consisting of 26 beams,
which were tested to failure in the fall of 1973 and the spring
of 1974. The specific aim of series T was to study an express-—
ion for the ultimate shear load based upon plastic analysis,
and to investigate the relevance of the corresponding failure
mechanism. The theory was originally proposed by NIELSEN [1],
[2] as a lower bound for the load-carrying capacity when web
failure is critical. Later it was shown, NIELSEN & BRESTRUP
[3] , BRESTRUP [4], that the web crushing criterion is also an
upper  bound, thus establishing it as the correct plastic so-
Jution for the shear strength.

The report gives an analysis of the tests in general,
exemplified by a specific beam. In addition, the report con-
tains a rather detailed description of test procedure and equip-
ment, which is used almost unchanged for the subsequent test
series of the programme. Readers mainly concerned with the re-
sults may skip chapters 2, 3, and 4, except for the references
to tables and figures made in chapter 5.

Its bulkiness notwithstanding, the report does not contain
all the relevant material. The laboratory reports, photographs,

and computer output corresponding to the 26 individual beam
tests are filed at the Laboratory. This unpublished appendix
also contains the analysis of the four concrete cylinders equip-
ped with strain gauges, as well as all the computer programmes

described in the report. %-
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NOTATIONS

The symbols are defined when they first occur in the text. The
frequently used notations are listed alphabetically below.

A : Cross-sectional area of longitudinal bottom reinforcement

A, : Cross-—sectional area of longitudinal top reinforcement

a Shear span

b 1 Web width

bs : Interior wiath of stirrup heops

bo : Flange width

C H Combressive stringer force

d : Depth from top of beam to centroid of main reinforcement

4, : Depth from top of beam to centroid of top reinforcement

Egy : Elastic modulus for longitudinal concrete strains

Es : Elastic force-strain modulus for steel bar

Et :  Elastic modulus for transverse concrete strains

h : Beam depth

hs : Depth of web from bottom of flange to centroid of the lower layer
of main reinforcement

hw : Depth of web from bottom of flange to centroid of main reinforce-
ment

hy : Flange depth

n* : Effective shear depth

MF : Flexural failure moment of beam

N : Number of tests in a series (sample)

Na Force in lengitudinal tension reinforcement i

Né : Force in longitudinal compression reinforcement

N£ : Force in concrete compression zone

Néo . Compressive force in concrete flange

P : Applied load

PF : Flexural failure load of beam

Pu : Ultimate leoad of steel bar

Py : Yield load of steel bar

r : Instantaneous radius of rotation of beam end

s : Equivalent stirrup stress. Standard deviation based upon (N-1} de-
grees of freedom i




Sy = Eguivalent stirrup yield stress ’

u Elongation of main reinforcement in shear span j

v :  Shear force

VCr Shear cracking load .

Vu : Ultimate shear load

Vw :  Shear force carried by web

Vo Shear force carried by flange

v Deflexion of loaded section of beam

w : Compression of flange in shear span :

x :  Depth to neutral axis i i‘
Depth of rectangular stress block ' i

z = Internal moment lever arm

o : Curving of bending span E

A : Prefix indicating increment between two scans

§ Deformation rate. Coefficient of variation

Ea = Strain in longitudinal tension reinforcement

eé : Strain in longitudinal compression reinforcement

Eﬂu = Compressive concrete failure strain i flexure

EF : Uniaxial compressive concrete failure strain

€ Longitudinal strain of concrete cylinder :

ﬁt Transverse strain of concrete cylinder

€, : Ultimate strain of steel bar

ey Yield strain of steel bar

] : Inclination of yield lines

A : Ratio of shear span to shear depth

v = Web effectiveness ratio

Ob = Compressive concrete stress

S, : Compressive concrete cylinder Strength

o* Effective web strength

Ui : Tensile concrete strength

T : Nominal shear stress of beam

e : Nominal shear stress at flexural failure of beam




Inclination of concrete web compression
Degree of shear reinforcement

Degree of shear reinforcement corresponding to flattest possible
yield line

Lowest degree of shear reinforcement for which the beam is over-
reinforced in shear
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1.1
The

(a)

(c)

(d)

THEORETICAL BACKGROUND

The web crushing criterion

analysis is based upon the assumptions listed below:
The beam is in a plane state of stress.

The compression zone and the main longitudinal reinforce-
ment act as stringers with compression and tension, re-

spectively.

The stirrup material is rigid, perfectly plastic, and the
stirrups are unable to resist lateral forces. .The spacing
of the stirrups is sufficiently close to permit a descript-
ion of their action by the equivalent stirrup stress s ,
per unit area perpendicular to the stirrup direction. At

yvield s= Sy -

The concrete of the web is rigid, perfectly plastic with
the square (modified COULOMB) failure criterion as yield
locus and with the associated flow rule. The tensile
strength is zero and the compressive strength is Gz =Vvo_
where ¢_ is the cylinder strength, and v is the web
effectiveness ratio.

Under these assumptions, the shear strength of a simple beam

with vertical stirrups is given by the web crushing criterion
(cf. reference [31])
o ¥*
V = bh¥g ¢L-1 (1a)
YY s
¥ .
Here:

V is the applied shear force
b is the width of the web
h* is the effective shear depth

Equation (71a) may be stated on non-dimensional form as:

T/Uc = Plv —1) (2a)




where we have introduced the nominal shear stress T and the
shear reinforcement degree ¢ :

s
v Y
T ' V=5
c
Equation (2a) is valid for ¢ < v/2 . For >v/2 the shear
~strength is:
v = dpnto * (1b)
2 c
orxr:
/5w v/2 (2b)

(o]

The shear strength given by equation (2a) is the maximum lowex
bound corresponding to a homogeneous state of stress with
yvielding of the stirrups and a uniaxial compression 6: in the
web concrete, inclined at the angle ¢ to the beam axis (cE.
Figure 1.1.1). The stress distribution is modified in regions
below the load and over the support (cf. reference [3]). The

angle ¢ is given by:

Vv/w -1 for Vo< v/2

cot

cote 1 for P> v/2

In the latter case the beam is overreinforced, i.e. the stir-
rups are not yielding at failure of the bean. The shear
strength is then given by equation (2b).

Equations (2) are also the minimum upper bound correspond-
ing to a failure mechanism with vertical displacement rates
in diagonal yield lines. The inclination of the yield lines
is =2p. The failure mechanism is shown on Figures 1.1.1a
and b, for concentrated and distributed strain rates, respect—
ively.

The failure mechanism requires c¢ot6é < A , where A =a/h*
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and a denotes the length of the shear span. Thus equation
(2a) is only an upper bound provided ¢ > ¥, where

-A
o = 111&3__ \ . For a shear span ratio of A=3 , we get
2/T+K2
wo = 0.0256 v . This degree of shear reinforcement is too

small to be of interest for the beams of series T.

The main difference between the propoéed theory and the
usual shear-compression theories, is that the failure mechan-
ism does not involve any rotation about a plastic hinge.
Consequently, shear stresses are transferred across the dia-
gonal yield lines.

In order to be specific, it is convenient to distinguish
between cracks and yield lines. Cracks develop in the direct-

ion of the principal compressive concrete stress, and they need

not be accompanied by any significant deformations. The de-~
formations take place in yield lines, which in general do not
follow the trajectories of principal stress.

The behaviour of a non-prestressed beam during loading to
shear failure, as predicted by the theory, is as stated below
and shown schematically on Figure 1.1.2:

I : The first cracks follow the trajectories of principal
stress in the uncragked beam, i.e. their inclination is
roughly equal to 45~ (Figure 1.1.2a).

II : As the stirrups are activated, the inclination of the
subsequent cracks decreases (Figure 1.1.2b).

III: The cracks are joined into yield lines of steeper incli-
nation and carrying shear (Figure 1.1.2¢).

IV : A further increase of load results in a flattening of the
yield lines, activating more stirrups (Figure t.1.2d) .
This process continues until the compressive stress in
the web concrete reaches the strength limit. The failure
may appear as actual web crushing, or it may lead to
excessive deformations, causing the destruction of the
compression flange.
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1.2 Application of the theory

In order to be able to use the web crushing criterion, equat-
ions (2), for analysis and design, we need to assess the values
of the quantitjes h¥ and v =o*/cc .

There are at least two reasons why the web effectiveness
ratio v must be less than unity. Firstly, the state of stress
in the web is not plane, as required by assumption (a) of the
preceding section. The forces from the stirrups are trans-
ferred to the main reinforcing bars, which in turn are supported
by the web concrete. Thus the web compression is concentrated
at the longitudinal bars, see Figure 1.2.1, and this concentra-
tion gives rise to failure before the average stress in the web
reaches the uniaxial compressive concrete strength. Secondly,
because of the limited deformability of the concrete and the
unstable nature of concrete failure, we cannot expect the con-
crete stress to equal the maximum compressive strength at all

points of the yield lines at failure.

=2
a
—
— -
—_—
.
|

=

“

po s

€
N

Figure 1.2.1: Illustration of effective web
strength and effective shear
depth
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' An assessment of the web effectiveness v by comparing the
web crushing criterion, equations (2), with experimental re-
sults from shear tests, is influenced by the choice of effect-
ive shear depth h*. The depth h* is the distance between
tension and compression stringers. For T-beams we may take the
latter to be identical with the compression flange, but even so
there are a number of ways of defining the shear depth, as il-
lustrated on Figure 1.2.1. The usual practice is to relate the
nominal shear stress to the effective depth d . The Danish
Code of Practice puts the shear depth equal to the internal
moment lever arm z. Most in line with the proposed theory,
would be to use the depth h,, (or hs), i.e. the distance from
the centroid of the main reinforcement (or from the lower layer
of bars) to the bottom of the compression zone. This is the
depth of the concrete body which is supposed to be resisting the
shear force. It must be stressed that the assumed identity of
compression zone and flange is only meaningful, provided the
flange is designed to be necessary and sufficient to resist the
compressive stringer force.

Most building codes include a contribution Vo from the
compression zone to the total shear resistance. However, if
the flange is used to its full capacity to resist the compress-
ive stringer force, it cannot be carrying shear as well.

If there is shear in the flange, this contribution may con-
veniently be included in the effective shear depth. Figure
1.2.2a shows a section dx of the compression zone with depth
ho . The compressive force C decreases towards the support
as the shear stress 1 1is transferred to the web. Moment
equilibrium yields:

- cth —(c- N
Vodx = C 2h0 (C~-1h dx)zhO




b}

Figure 1.2.2: Flange shear contribution

a) Central compressive force
b} Compressive force concentrated
in upper fibres

Denoting the web shear by Vw , we find the total shear re-
sistance:

1

= = = a*
vV = VW+VO Th hw'+2Tb hO Thh ,

where the effective shear depth is h*=hw-+%ho =z . Thus the o

flange shear is included if the shear depth is put equal to the
internal moment lever arm, as required by the Danish Code of
Practice.

The analysis given above rests on the assumption that the
stringer force continues to act in the centre of the flange as
it decreases through the shear span. We might as well assume
the compressive force to be concentrated in the top fibres of
the flange, the concrete étress Gb remaining constant, see

Figure 1.2.2b., Moment equilibrium now yields:

' 1 1 ¢
Vodx = C iho (c wadx)(ho-iy) R
where the depth y of the compressive zone is given by the

equation
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g, = S hdx c
b ¥bg hobyg

b being the width of the flange. Hence we find:

1 ] 1 Tbhodx
Vodx = ECho - (C-thdx) (ho-fho""f T)
h
_ 1 "o 2
=3 —é“"(‘rbdx)

i.e Vo ® 0 .

Thus under those assumptions we get no contribution from the
compressioh flange. Presumably, the truth lies somewhere in
between, and as discussed in reference [3] the available test
data does not permit a conclusion. Therefore we shall tent-
atively use the internal moment lever arm as effective shear
depth.
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2. TEST PLANNING

2.1 Purpose of the tests

Because of the parameters h¥* and v , an experimental veri-
fication of equations (2) will always be open to discussion.
It is straightforward, however, to test the validity of
certain features of the theory, especially the failure mechan-
ism. Therefore the purpose of the test series is as follows:
(1) To verify that at failure the deformations consist of

pure shearing, without rotation of the beam end over
the support.

(2) To verify that the shear strength is independent of the
strength of the main reinforcement.

(3) To verify that for sufficiently strong shear reinforce-
ment (¢ > v/2) , the failure load is independent of the
shear reinforcement.

(4) To assess the magnitude of the effective shear depth h¥
and the web effectiveness v

As explained in the preceding section, the effective web
strength OZ is supposed to depend on the arrangement of the
reinforcement. A few pilot tests are included in series T ,
but a detailed investigation of this question is undertaken by
subsequent test series.

In order to achieve the objectives (1)-(4) stated above,
it is necessary tocollect experimental data from beams cover-
ing a wide range of shear reinforcement strengths. Thus the
desirable interval of variation for the shear reinforcement
degree ¢ is something like 0 <y <1 . Shear reinforcement
strengths ¢ > 0.5 are hard to obtain, however, without making
the web width b very small. Therefore tests of this type are
usually carried out on thin-webbed I-beams. On the other
hand, a substantial web width is necessary in order to permit
any investigation of the influence of concrete cover and stir-
rup layout. It was therefore decided that the web width should
be b=200 mm . For such beams, shear reinforcement degrees
¥ > 0.2 are rarely seen, because stronger shear reinforcement
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would normally lead to flexural failure. To be able to study
shear failures with strong shear reinforcement, we adopted the
measures listed below:

- Low concrete strength
- Big compression flange
~ High strength longitudinal reinforcement.

and for the most strongly reinforced beams: :
- High strength stirrup reinforcement.

As a consequence, it should be stressed that the test beams
are not representative of practical design and the results are
primarily of theoretical interest. The philosophy behind this
approach is that once the theory has been tested under such
extreme conditions, it may be used with confidence in practical
cases. If we confine ourselves to the conventional parameter
ranges, the results get so blurred by random test variations,
that any theory may be brought to agreement, as is amply de-
monstrated in the literature.

2.2 Beam types and identifications

Each beam is given a beam number, e.g. Beam No.T6018 m, con-
stituted by a series identification (upper case letter), a
specimen number (four digits), and possibly a type identific-

ation (lower case letter).
The beam of series T had a nominal ¥) concrete strength

of 9 =110 kp/cm® and the main reinforcement consisted of six

*)  The term 'nominal' is used to designate a formal value, in this case
the strength attempted by the design of the concrete mix. Thus the

concept does not imply that safety factors have been introduced.




West

East

L " 1050

b o

500 L 1050 L L00

Figure 2.2.1:

800 *

Elevation of test beam

(normal type and type d)
Variable stirrup reinforcement
not shown.

800

i Kl

a)

2K12

2ﬂ“T
r790 ”I 3K12

EK16

310

6K16

261 1]
28

800

Figure 2.2.2:

a)
b)

c)

0

38 ® Bl
23 L

.o 9
20 -
Izm_wm___i

Normal sections of test beams

Normal beam type /
Beam type d

Beam type m




- 19 -

16 mm diameter deformed bars (K 16) arranged in two layers. The
beam is shown in elevation on Figure 2.2.1. The overall length

is 3800 mm, comprising the following zones:

Anchorage zone west: 400 mm
Shear span west: 1050 mm
Bending span: 900 mm
Shear span east: 1050 mm
Anchorage zone east: 400 mm

Thus the distance between the supports is 3000 mm, and the
distance between the symmetrical point loads is 900 mm. The
total depth is 400 mm, and the effective depth is 359 mm, the
shear span/depth ratio being a/d = 2.92.

The beam type refers to the arrangement of the reinforce-
ment. No lower case letter at the end of the beam number in-
dicates that the beam is of the common type, with a normal
section as shown on Figure 2.2.2a. The stirrups were bent
around the 12 mm diameter (K 12) top reinforcement, the over-—
lap consisting of the upper horizontal leg and approximately
80 mm of the vertical legs.

Beam types d and m were designed to reveal the influences
of stirrup layout and concrete cover, respectively. Figure
2.2.2b shows the normal section of type d where the double
stirrups were arranged as two narrow stirrups in such a way
that all three bars of the lower reinforcement layer were sup—
ported by stirrup kends. Beam type m , shown on Figure 2.2.2c,
had only half the concrete cover to the side of the main rein-
forcement:. The two layers of bars were separated a little to
make room for the dial gauge holders (cf. section 3.5), the
effective depth remaining unchanged.

The beém specimen number furnishes information on the
strength of main and shear reinforcement. 1In order to study
the influence of main reinforcement strength, three different
steel gualities were used. The first two digits of the spec-
imen number indicate the nominal yield stress (in kp/mm?) of
the main reinforcing bars.
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The last two digits of the number represent the nominal
shear reinforcement degree Y (in 10“2) . The actual value of
¢ is somewhat different, mainly due to variations of concrete
strength (cf. section 3.2). The stirrup reinforcement corres-
ponding to each specimen number is listed in Table 2.2.1, which
also indicates the main steel qualities used with each stirrup
reinforcement. The table contains 22 beams, the remaining four
being Beams Nos. T6018 and T9029 designed as types d ané m

"

Stirrup Main Stirrup Main

Specimen reinforce- steel Specimen reinforce- steel
number ment quality number ment quality
05 R6/131 - &0 - 36 2R10/105 - - 20
10 2R6/131 - 60 - 40 2R10/96 - - 90
14 2R6/96 52 g0 - 43 2R10/87.5 - - 920
18 2R10/210 52 60 - 47 2rR10/81 - - 9%
22 2R10/175 52 60 ~ 60 2810/150 - - 90
25 2R10/150 - 60 90 65 2510/131 - - 20
29 2R10/131 - 60 90 71 2810/117 - - 90
32 2r10/117 - 60 90 78 2810/105 - - 9

Table 2.2,1: Key to stirrup reinforcements

Three different types of stirrup reinforcement were used:
6 mm smooth mild steel bars (R6), 10 mm smooth steel bars (R10),
and 10 mm smooth cold-worked bars (S10). With the exception of
Beam Neo.T6005, the shear reinforcement was placed as double
stirrups, and the number preceded by a stroke indicates the
stirrup spacing in mm. Thus the notation 2R10/81 means that
pairs of 10 mm diameter mild steel stirrups are placed at a
distance of 81 mm. The shear span of 1050 mm is a multiplum
of the distances between the (pairs of) stirrups, and the di-
stance from the load or from the support to the nearest stir-
rup is half the stirrup spacing.
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2.3 Flexural design

The load-carrying capacity of the beams in flexion is found

using a rectangular stress block of depth y=3/4 x , X being
the neutral axis depth (cf. BR{NDUM-NIELSEN [5] p.66 ££.). The

properties listed below are common to all beams:

Shear span

Nominal concrete strength

Bottom steel area

Top steel area

Total depth

Flange depth

Web width

Flange width

Effective depth to tension steel
Distance from top of beam to top steel
Internal moment lever arm

*) The beams of series Td had A =3.39 cm?

=20 = T = T
(o]

[L I TR = TR o B o

e}

(o]

o]

(]

105 em

110 kp/cm?
12.06 cm?
2.26 cm? *)
40 cm

9 cm

20 cm

80 cm

35.9 cm
3.1 em
31.4 cm

The compression steel has a nominal yield stress of

4200 kp/cmz. The force in the compression reinforcement, as-

suming yield, is N;'=9500 kp (14250 kp for series Td). The

concrete compressive failure strain in flexion is assumed to

be Eéu =3.5% .

For the beams T%2 the nominal yield force of the main rein-
forcement is Na = A*5200 = 62700 kp . The force to be delivered
by the concrete compression zone is Nb = a-—Né = 53200 kp.

Hence the depth of the rectangular stress block is:

b 532000

y = = 3o
boo,, 80-110

= 6.0 cm
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the neutral axis depth being x = %y = 8.1 cm.
The strains of the tension and compression reinforcements i

are:

L] L]
and el % ®pu
These strains are great enough to ensure yield of the steel as
assumed.

The ultimate flexural moment is

1
L] - 1 —_—
Na(d do)-+Nb(d 2y)

My

9500(35.9-3.1) + 53200(35.9-3.0)

3.1710°+17.5°10° = 20.6°10° kpem

the flexural failure load being

=

Pp = — = igﬁéglgi = 19.6 Mp
The maximum shear stress e at flexural failure is given by:
Tp/0g = bjgc = 20-133?2?110 = 0.284
For the beams T60, we find:
N, = A-6000 = 72400 kp
N} = Na-Né = 62900 kp
N S 11 T A
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—_ L} —_ 1 _.l
M, = Na(d do)-+Nb(d Zy)

= 3.1-10% + 62900(35.9~3.6)

23.4+10% kpem

_UF _ 23.4-10% _
Pp = = - T o5~ T 22.3Mp
P
_ B 22300 -
Tp/0g = bzg_, ~ 20°31.4+110 0.323

Finally, fér beams T90:

N, = A+9000 = 108500 kp

¥

L -0
Ny Na Na 99000 kp

The maximum compressive force that can be resisted by the

flange concrete alone is:

1 — = - - o= !
Nbo = hObOGc 9-80-110 79200 kp < Nb
Hence:
N - N
- b bo _ 99000-79200 _
Y =hg t g =90+ Tperig 0 T 180em

X = %y = 24.0 cm

e = &-x . _ 35.9-24.0 . 35 = 1.7%
a X b 24.0
u
x=-d
gl = 9 o - 24.0-3.7 . 35 = 3.0%
a o by, 24,0

The tensile strain is too small to warrant the assumption that
the main steel is yielding. Thus the calculated value of the
ultimate flexural moment will be slightly unconservative:
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- ’ _1 L. —l -nl
Mp = N1 (d-d ) +Np (d-3h ) + (N} -N/ ) (d-5h -7v)
= 3.1-10% + 79200(35.9-4.5) +19800(35.9-4.5-9.0)
= 32.4+10° kpem
M, 2
- F _ 32.4-10% _
PF == = a5 = 30.92 Mp
P
= F _ 30900 = 0.447

F bzo_ T 20-31.4-170

The actual strengths of concrete and reinforcement for each
beam are given in Chapter 3. Using these strength parameters,

the flexural capacities of the beams are calculated by the
computer programme FLEX (cf. Section 4.1). The results are
listed in Table 2.3,1. Note that at flexural failure the con-
crete compression zone extends into the web for most of the
beams, and that all the beams T90 are overreinforced in flex-

ion.

CALCULAT[ON OF: .
¥z DEPTH OF RECTANGULAR STRESS HLOCK . EPSAZ  TENSILE AEINFURCEMENT STRAIN
EPSAQ: COMPRESSIVE REINFORCEMENY STRAIN PRz FLEXURAL FAILURE LOAD

FOR BEAMS WITH] .
SHEAR SPAN A TENSILE REINFORCEMENT : NRA  BARS AT DEPTH O WIYH YIELD STRAIN EPSAY AND WITH YIELD FORCE PAY
WEH WIDTH B COMPRESSIVE REINFORCEMENT: NRAC BARS AT DEPTH DO WITH Y]ELO STRAIK EPSAYD ANG wiTH YIELD FORCE PAYQ
FLANGE WIDTH b0

CONCRETE COMPRESSIVE STRENGTH 5I1GMAC CONGRETE FA[LURE STRAIN EPSBY
FUANGE DEPTH HD :
GATA COMMON TQ ALL BEAMSE
Am 108.0 cM B= 20,0 Cu B0« 8040 CK HOs 9.0 €M ow 38,9 CM DO= 3.1 eM
EPsaYOm 2.2 0r00 PAYCR 3200. kP EPSEYR Ju8 000
"
beAM HO. SIGMAC HRA EPSAY PaY NRAG v £psa EPSA0 er
KP/SGCH 0,09 > cu osaa 6,00 I
13214 Lool o 2.7 1. 8.8 1044 1.6
TaZis 103: H ia Ie . to. . 0
1952 3 ] 1 . . . ]
o 1 - & s J &y 3 - - €7
T80 105 o s Al 194 . . )
: s ' EEM
12. ") Ba - . L) -l
Teoz: e e i 10l . : 26l
13 £ax . a * O 5315
76032 . . ar : . . e
" 1
A 3 n TA. o . 3814
19032 . 4l . ] o M 27.0
. al " . . -
32 0 en : + + * 82
£§'§_§ 95, o I 5 H a M i
a3 17 : M .
- Xy 13 . . . ITaZ
¥9085 . ol Bea . kM kM 2202
L34 H gra HEM 3. 3 2901
& 5 * (533 ' ET T t .
Té01a0 J38e ¢ -2 alg 1: 3 2.7 z8ce
2, x B4 rs a9, 20 A
m’i TG, (] 3 T3] . &Y .7 zets
750294 1161 H oz 3749 2 12! 4.0 3la 0.2
H

Table 2.3.1: Flexural analysis of test beams




2.4 Design of shear and secondary reinforcement

The shear reinforcement is designed to cover a broad range of
strengths. The stirrup reinforcements used are listed in
Table 2.2.1 of the preceding section and displayed on Figure
2.4.1. The two curves represent the web crushing criterion
with v=0.65 and v=0.80 . Thus the shaded region between
the curves are the points where shear failures are to be ex-
pected. The beams listed in Table 2.2.1 are represented by
vertical lines at the nominal shear reinforcement parameters.
The horizontal lines correspond to flexural failure of the
beams T5%, T60, and T90 , respectively. The nominal flexural
failure loads of the 22 beams are marked with dots. On the
figure it is noted that all the beams 790 are designed to fail
in shear, whereas some of the beams T52 and T60 may be ex-
pected to get flexural failure.

| Shear strength
/0,
790

oy | : Shear reinforcement degree ¢
10 14 18 22 25 29 32 36 4043 47 60 65 71 78

Figure 2.4.7: Expected shear and flexural strength
of test beans




To prevent failure of the anchorage of the main reinforce-
ment, the beam was extended 400 mm beyond the support, and five
mild steel stirrups of diameter 8 mm were provided. Seven
identical stirrups were placed in the bending span to reinforce
it against shear during the second shear test of the beam (cf.
Section 3.5: For some beams only five stirrups were used, but
it proved to be insufficient, see Section 4.2). The secondary

stirrup reinforcement is shown on Figure 2.2.1.

aq,
90
TFY?TLHLIH_IH_LHUHHHHT_TH_H
1y
%bo ""'"'"ENho
74 a I3
4 A

Figure 2.4.2: Equilibrium of one half of
flange of shear span’

As the compressive force in the flange declines from the
load towards the support, shear is transferred to the web. At
the vertical section between web and flange, this shear must
be resisted by a transverse flange reinforcement. A rough
estimate of the tensile force this reinforcement is subjected
to may be obtained considering one half of the flange, Figure
2.4.2, neglecting the width of the web. The maximum compress-
ive force carried by half the flange at the loaded section is
%N'bo==%bohocc , which is assumed to be reduced to zero at the
support. We assume the transverse tensile force to be uniform-
ly distributed, of magnitude 4, Per unit length, and to be
balanced by a compressive force ag, s acting at the support.

Moment equilibrium yields:
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- 1l9° = 180,29, = 4
q, = Z("“’é") h o = (105) 9110 144 kp/cm

<
0
Ll

The same value is given by BRPNDUM-NIELSEN [5] pp.162 ff.
as the maximum tensile force. He assumes a parabolic variation
of the compressive flange force and a parabolic thrust line,
and considers transverse equilibrium along the shear span. The
solution, however, does not satisfy moment eguilibrium.

Taking -into account the area required to resist the com-—
pressive force ad, and requiring it to belong to the shear
span, the value of g  becomes slightly higher (168 kp/cm).

The transverse flange reinforcement consisted of two 8 mm
diameter mild steel bars per 15 cm. Taking the yield stress of
the steel to be 2700 kp/cm?, the yield force per unit length is
2700 kp/cm? . cm? =180 kp/cm . The transverse reinforcement

15 cm
is provided all along the beam and shown on Figures 2.2.1and 2.
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3. TEST EXECUTION
3.1 Manufacturing and curing

Table 3.1.1: Distribution of main and shear reinforcement

Beam Main Stirrup Reinf. Beam Main Stirrup Reinf.
Number Reinf. EAST WEST Number Reinf. EAST WEST
1 620 2 620 11011 |1 1008 E
5200 |3 614 |3 614 9007 |1 1012, |1 1010, ;
5214 | 5202 |4 615, 13 615, | T9032 | 9008 |8 1019) |8 1017 ;
7 616y 11 6187 o009 |8 1010% |5 1018 ?
_____ b poest) | b
5 Toa1, i 1041 9010 — [271005 ]2 Too7
5203 |5 10a2% |1 1042 9010 |2 1006, |2 1008
TS218 | 5504 ¥ s 10032 | 9% 9012 s 1021§ g 1023?
mmmmm T L s’ s r02el
9813 ~ [371002,7 3 1003,
5205 |4 1066, |4 1066 9014 |3 100t |3 1004
9222 | 5206 [g 10642 8 10652 | 20| g01s |8 1025, | & 1027
mmmmm b L _|so%e |8 1028
901% T T471029 |2 1079
8001 |1 603, |1 603 9017 {4 1030, | 4 1030
TE005 ) ghgy 6012 7 602 043 | 9518 |8 1031§ 8 1033f
mmmmm b AL D [s1032” | r03el
171041 | T 1041
2 603, |2 603, 9019 |1 1042 |1 1042
6003 |7 604 17 606 9020 |4 1035 |4 1035
T6010 | gooa |7 e05® |7 e07t | T047 | gg21 (4 1036, |4 1036,
8 1037} | 8 1039}
_____ b __ L ____|81038 |8 1040
T 7603
1 614 |4 610 9037
‘ 6005 |3 el0 |4 611 2038 |14 510 |14 §10
TE014 | go06 |3 611, 17 e12f TI060 | gp3g
7 608) |7 613
cd e T IR D I
: 9033
6018 | 6007 |5 10017 |5 10037 | o085 | 9035 |16 510 |16 s10
_______ 6008 _|5 1002° s 100a' | | eo36 | | _
) i 9028
T6022 | 6009 |6 1005 |6 10075 | o071 | 9029 |18 S10 | 18 s10
_______ 6010 _|6 1006> | toos’ | | soao | _ |~
; A 9031
16025 | 6011 |7 1044 |7 10465 | o078 | 9032 |20 $10 |20 s10
mmmmmmm 6012 _[7 1045° |7 t0a7' | | 9033 | |
A 2
6017 |8 1067° |3 1069 6015 |2 1063, | 2 1063
T6029 | co18 s 1068 |8 1070t | TEO18A | goie g 1061§ 8 10627
2 1071 12 1071 3025
TE032 28;2 g 1067a§ 8 1069a3 ro020a | 9026 |8 10874 |8 1059?
C 5% s roesa’ls 10702 _ _ | s027 _|e 1058’ | & 060"
9501 2 2
7 1000% 17 1011 co13 |2 1054, |2 1054
T9025 | 9002 3 1] T6018m 4 2
_______ so0s |7 1010 |7 1012 coia | B 1048] | 8 10497
9004 1 2|7 T T T Te02z T[T, ' )
g 1013% lg 1015 8 1050% | 8 1052
19029 | 9005 3 1] 19020m | 9023 3 1
o0e |8 10147 |8 1016 ooas |8 10517 |8 1053
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The steel for the main tensile reinforcement was hot-rolled,
deformed bars of Swedish fabrication (SKS 52, SKS 60, and SKS
90). Two bars of length 12 m were used for each of the heams
T 52 and T 60. The steel SKS 90 was available in lengths of
10 m only, hence three bars were used for each beam T 90. The
bars were labelled 5201, 5202, ...., 6001, 6002, ...., and
9001, 9002, .... , respectively. The top reinforcement con-
sisted of two bars SKS 42 of diameter 12 mm. As flange rein-
forcement and as stirrups in the anchorage zones and in the
bending span were used smooth, mild steel of diameter 8§ mm.

Most beams had shear reinforcement of mild steel (St. 37) in
smooth bars of diameters 6 mm (R6) and 10 mm (R10). Four beams
had stirrups of cold=drawn Swedish steel (8s50) in smooth bars
of diameter 10 mm (S 10}.

The 6 mm mild steel was delivered in bars of 10 m, which
were cut into seven stirrups and a test specimen. Each bar was
given an identification number 601, 602, ... etc. The same
number designates each of the seven stirrups taken from the
particular bar.

The 10 mm mild steel came in bars of length 12 m, which
yielded eight stirrups plus a test specimen. The bars (stir-
rups) were numbered 1001, 1002, .... etc.

The 10 mm cold-drawn steel was delivered in rolls. The
stirrups and test specimens were cut from the same roll, hence
no identification numbers were needed.

The main reinforcing bars and stirrups were distributed
among the 26 beams as indicated in Table 3.1.1. Corresponding
to each beam are listed the identification numbers of main
reinforcement and stirrups and the amount of stirrups with each
particular number. With the exception of Beam No.T6005 the
stirrups were placed in pairs and the numbers were mixed over
the shear span. In the case that a shear span contains less
than three stirrups with the same number, then the stirrups in
guestion are placed at the ends of the shear span, i.e. closest
to the support or to the load.
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Figure 3.1.1: Completed reinforcement for Beam No.T6018

Figure 3.1.2: Beam reinforcement placed in steel
mould, ready for casting.
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Two stirrups of each shear span were equipped with electric~
al resistance strain gauges, two companion gauges in the middle
of one leg, i.e. a total of eight gauges per beam. The stirrup
gauges are indicated in Table 3.71.1 by the small numbers 1,2,3,
and 4 (cf. Figure 3.5.1).

After completion of the beam reinforcement, a photograph
was taken, a typical example being shown on Figure 3.1.1. Note
the electrical resistance strain gauges oh four stirrups.

The beams were cast in steel moulds (Figure 3.1.2) together
with 9 or 10 companion cylinders.

Three batches of concrete were used for each beam, the re-
cipe for each batch being as follows:

Water : 34.4 1
Cement i 27-28 kg
Gravel "~ : 193 kg
Stone : 194 kg

The c¢ylinders were filled 1/3 from each batch. The cement
was portland cement type 'rapid'. The aggregates were sea ma-
terial. Typical grading curves for gravel (0-8 mm) and stone
(8-32 mm) are shown on Figure 3.1.3.

The highly variable (3-7%) water content of the gravel proved
to be a serious problem. Immediately before casting, the water
content was determined (by evaporation) for three samples, and
the average was used to calculate the reduction of water input
and the corresponding increase of gravel supply. If necessary,
the water admission to the second and third batch was adjusted
in order to keep a constant workability of the mix. In spite
of all precautions, the concrete guality shows undesirable
fluctuations (cf. Section 3.2). Similar strength variations
must be expected frombatch to batch, implying that the strength

of the web concrete is not determined with a satisfactory ac-
curacy.




100

Retained material
% /,,/’

60 V4

7
w0 / |

gravel ) stone

20 4 - /
/ mm i
25,25 .5 1 2 4 g 16 32
Square mesh size

Figure 3.1.3: Grading curves for fine and
coarse aggregate

Figure 3.71.4: Cylinder moulds placed on
vibrating table
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The concrete of the beam was compacted by compressed air
vibrators, whereas thé cylinder moulds were fixed to a vibrat-
ing table, shown on Figure 3.1.4. Beams and cylinders were
cured together during four days under wet burlap sacks at a
temperature cof approximately 20°C. The moulds were stripped

two days after casting. Testing took place aftexr 15 days.
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3.2 Testing of concrete

Figure 3.2.1: Concrete cylinder test equipment

Figure 3.2.2; Close-up view of split cylinder test




—~ 35~

The concrete cylinders of height 300 mm and diameter 150 mm
were tested in a 200 Mp cémpression test machine, shown on Fi-
gure 3.2.1. Slabs of 10 mm soft fibre board were placed be-
tween the specimen and the test machine. Usually the cylinders
were tested in the morning and the beam in the afternoon.
The compressive cylinder strength g, was determined for c
five test cylinders per beam. The rate of loading corresponded
to approximately 15 kp/cm? per minute. '
The tensile strength was determined by split cylinder tests
on four or five cylinders per beam. The test rig is seen on b
Figure 3.2.1, below right, and shown in detail on Figure 3.2.2. g

'

Compression tests Tension tests

Beam
Number N e s N Tt s

{(kp/cm®)| (kp/cm? (kp/em ) |(kp/cm?)
T5214 5 109.3 5.46 4 16.60 0.952
T5218 5 105.2 3.14 5 12.29 1.066
T5222 5 104.6 4.86 5 9.65 1.277
T6005 5 107.9 3.86 4 14.60 0.532
T6010 5 105.0 4.36 4 13.20 1.088
T6014 4 115.9 2.32 4 14.96 1.296
T6018 5 112.0 4.04 4 13.15 0.671
T6022 5 105.5 4,25 4 15.01 1.193
T6025 5 104.5 1.67 5 11.30 0.998
TE029 5 107.6 4.36 5 11.94 1.762
T6032 5 119.8 3.46 5 12.39 1.895
T9025 5 127.9 3.62 5 13.44 1.350
TO02% 5 81.1 5.78 5 9.80 0.742
T9032 5 100.6 6.69 5 11.46 1.073
T9036 5 107.3 6.78 5 11.50 0.972
T9040 5 114.8 5.71 5 10.50 1.504
T9043 5 105.2 1.77 5 10.62 1.297
T9047 5 128.5 9.90 5 14.05 1.489
T9060 5 121.3 2.30 4 12.12 0.408
T9065 5 102.4 3.16 4 11.19 0.798
79071 5 1711.3 1.92 5 12.43 1.399
T9078 5 114.7 1.59 5 12.26 0.660
T60184 5 98.1 3.09 5 10.24 1.290
T9029d4 5 109.9 4.44 5 12.04 1.476
T6018m 5 106.8 2.37 4 12.85 0.353
T9029m 5 116.2 3.68 5 12.7% 2.408

Table 3.2.1: Concrete test results




Figure 3.2.3: Test cylinder with electrical
resistance strain gauges

2
10 MN/HY
o
NN £= 2.21 10° mim?
& 51
0
] .2 1 1.0 ‘2.0 2.0%,

YL, z

Figure 3.2.4: Longitudinal and transverse
strain curves from compressive
concrete cylinder test.
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The load was applied on a strip of width 15 mm and the split
cylinder strength Uy is defined as:

_
% T TED

Here P is the ultimate load, H and D being height and dia-
meter of the cylinder, respectively. The rate of loading cor-

? per minute.

responded to approximately 4 kp/cm

As discussed in reference [7], it is doubtful whether the
split cylinder strength is very representative of the true uni-
axial strength of the concrete. At any rate, the tensile
strength is not used in the present analysis, the tests being
carried oﬁt merely for the record.

The failure loads, read from the manometer, were punched on
cards and analysed in subroutine CONCR of the computer programme
described in Section 4.1. The results are summarized in Table
3.2.1. Corresponding to each beam, the table lists the number
N of test cylinders, the average strength o, or J. . and the

c
standard deviation s .

Four compressive test cylinders corresponding to Beam No.
T6018d, were equipped with electrical resistance strain gauges,
as shown on Figure 3.2.3, The load and the gauges recording
longitudinal and transverse strain were scanned every 10 se-
conds during the test. The readings were punched on a paper-
tape, which was converted to punched cards and analyzed by the
computer programme CONC, described in Section 4.1. The output
includes a plot of the longitudinal strain ¢ and transverse

1
strain ¢ against concrete stress o . A typical example is

t
shown on Figure 3.2.4. The horizontal line indicates the pro-
portionality limit. As the test is load-governed, no import-
ance should be attached to the falling branch of the stress

-strain curve.
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The results from the four cylinders are listed in Table 3.2.2.
The programme calculates the elastic modulus By of longidud-
inal strain, the elastic modulus Et of transverse strain, and

Poisson's ratio, defined as El/Et . The failure strain €p
Cylinder No. 1 2 3 4/1 4/2
E; (Mp/cm?) 243 225 206 160 213
E /B, 0.143 0.162 | 0.180 | 0.114 | 0.164
eg (%) 1.3 1.1 1.4 1.9 1.2

Table 3.2.2: Results of loading tests on concrete
cylinders

is read on the plots as the longitudinal strain correspending
to maximum stress.

The test (4/1) of Cylinder No.4 was stopped immediately
after the load started dropping. The cylinder was then re-
loaded (4/2) to failure once more, the second failure load being
the same as the first.

In Table 3.2.2, it is noted that the observed failure strains

are rather small. A value €p = 2.0% is considered normal.
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3.3 Testing of stirrup reinforcement

A test specimen was taken in the middle of each of the mild
steel bars, amounting to.a total of 20 specimens Ré and 75
specimens R10. From the cold-drawn reinforcement 810, 20 test
specimens were taken in different places of the roll.

The specimens were tested in a MOHR-FEDERHAFF 60 Mp tension
test machine, shown on Figure 3.3.1. The, rate of loading up
to yield was approximately 20 kp/sec, 50 kp/sec, and 50 kp/sec
for R6, R10, and S10, respectively. The yield strength PY
and the ultimate strength Pu were recorded visually from the
manometer. The strain was measured over an interval of 100 mm
by an extensometer clamped onto the bar, as seen on Figure
2.3.2. A load-strain curve was drawn automatically, the load
being measured by an oil pressure cell. Typical curves for
mild and cold-drawn steel are shown on Figures 3.3.3a and b,
respectively. The figures also show the idealized force-strain
curve used in the analysis. On the graphs, the force-strain
modulus ES is measured and the yield strain controlled. The
ultimate strain g, was measured for a few of the specimens
by means of marks placed on the bar at 10 mm intervals prior to
testing.

The test results are summarized in Tables 3.3.1a, b, and c.
The yield strength PY for the mild steel reinforcement R6
and R10 is the load at which yielding is registered on the man-
ometer. For the cold-drawn steel S10, no definite yield point
could be detected, hence PY is defined as the 2% offset
strength measured on the force-strain graph.

A few of the results for the reinforcement R10 are lacking,
because the corresponding specimens have been mislaid. In such
cases, the average values of Py and E, are used in the ana-
lysis. For the reinforcement 510, the average values are used

throughout.




Figure 3.3.1: Tension test of stirrup reinforcement

Figure 3.3.2: Extensometer clamped to test specimen
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Figure 3.3.3:

a)
b)

Actual and idealized load-strain curves

for stirrup reinforcement

Mild steel (Bar No.1065)
Cold-drawn steel (Bar No.2)




a)

b)
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Bar PY Pu Es Eu Bar PY Pu Es Eu
No (kp) | (kp) | (Mp) (%) No | (kp) (kp) | (Mp) (%)
601 930 1200 | 635 - 611 963 1220 625 17
502 900 1165 | 630 - 612 902 1152 607 -
603 928 1184 | 624 - 613 936 1215 625 -
604 936 1240 | 597 17 614 934 1230 612 -
605 928 1192 | 609 - I 615 | e30 | 1193 | 606 | _ - _

806 [ToToT VT T182] 593 1 T S €16 950 1239 625 -
607 934 1200 | 630 - 617 890 1180 612 -
608 972 1240 | 582 - 618 936 1205 625 -
609 928 1230 | 612 - 619 930 1188 648 -
610 976 1220 | 630 - 620 930 - 594 -
Average 932 1204 616 -
Coefficient of variation (%) 2.3 2.1 2.7 -
Nominal yield stress: 3300 kp/cm’-{ Nominal elastic modulus:2.18 Gp/om?
Bar PY Pu Es Eu Bar PY Pu Es Eu

No (kp) | (kp) (Mp) (%) No (kp) (kp) (Mp) (%)

1001 | 2700 | 3200 | 1620 - 1039 | 2760 | 3330 | 1660 -
1002 | 2690 | 3150 | 1660 12 1040 | 2400 | 2940 | 1600 13
1003 | 2690 | 3170 | 1680 - 104t | 2760 | 3280 | 1720 -
1004 | 2400 | 3025 | 1700 16 1042 | 2580 | 3220 | 1710 -
1005 | 2710 | 3213 | 1635 - 1043 | 2560 | 3230 | 1680 | -

|~ 1006 | 2480 T 3105 | Te35 | 6 | 1042 | 2720 {3300 | 71600 -
1007 | 2760 | 3240 | 1620 - 1045 | 2620 | 3200 | 1800 -
1008 | 2610 | 3135 | 1635 11 1046 | 2610 | 3250 | 1650 10
1009 | 2660 | 3270 | 1870 - 1047 | 2600 | 3180 | 1650 -

| 1010 | 2650 | 3180 | 1590 - 1048 | 2680 | 3240 | 31690 | -
1011|2670 | 32207 16207 | ~ = {71049 | 2200 [ 2920 7] 1606 .
1012 | 2700 | 3200 | 1605 - 1050 { 2330 | 2940 | 1710 -
1013 { 2700 | 3330 | 1635 - 1051 | 2690 | 3240 | 1600 -
1014 | 2650 | 3150 | 16353 - 1052 {2790 | 3330 | 1600 8

| 1015 ) 2320 | 2960 | 1605 - 1033 = c_d_c_d1_-__
1016 | 2660 | 3150 | 1635 | = T|T1054 | 2650 | 3160 | 1650 -
1017 | 2750 | 3220 | 1680 - 1055 | 2310 | 2930 | 1600 -
1018 | 2700 | 3220 | 1920 - 1056 | 2820 {3320 | 1660 -
1019 | 2795 | 3250 | 1650 11 1057 | 2770 {3280 | 1680 -

| 1020 | 2730 | 3220 |1695_ | - _l 1058 | 2340 [ 2830 | 1640 | 11
T0217 | 2745 T 32607] 7785 271059 T 7380 [ 2960 | 1640 | T -
1022 | 2725 | 3190 | 1720 - 1060 | 2660 | 3230 | 1660
1023 | 2700 | 3200 | 1575 - 1061 - - - -
1024 | 2740 | 3190 | 1650 1062 | 2680 | 2930 | 1640 10

| 1025 | 2350 | 2980 | 1650 | - 1063 - - S
1026~ { 2350 T 2970 | 1860 2 TIT1062 T 25607 | 3190 | 1600 -
1027 | 2390 | 2950 | 1650 1065 | 2525 | 3240 | 1660 -
1028 | 2190 | 2885 | 1710 - 1066 | 2760 | 3270 | 1800 -
1029 | 2580 | 3170 {1650 - 1067 - - -

| iO;S_D__ __2142 1 _%920 1640 18 1068 - I B T
1031 [ 2650 | 3220 {1620 |~ T|T10es | T L [ B
1032 | 2330 | 2940 | 1640 - 1070 | 2650 | 3400 | 1620
1033 | 2200 | 2920 | 1780 - 1067a | 2760 {3360 | 1690 -
1034 | 2590 | 3130 | 1600 - 1068a | 2270 | 2960 | 1600 -

| 1035_| 2720 | 3260|1650 | - 1069a | 2340 [2920 | 1660 | -
1036 | 2110 | 2860 |1660 | = T 1070a | 2330 | 2920 | 1700 -
1037 | 2200 | 2920 |1600 - 1071|2510 {3170 | 1640 -
1038 | 2660 | 3160 | 1620 -
Average 2570 3140 1660 -
Coefficient of variation (%) 7.2 4.6 4.1 -

_Nominal yield stress: 3270 _____| Nominal elastic modulus;2.11 Gp/cm®
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Test PY Pu Es Eu Test PY Pu ES €,

No (kp} (kp) (Mp) (%) No {kp) (kp) (Mp) (%)

1 5300 | 5660 | 1760 - 11 5075 | 5720 1890 -

2 5400 | 6100 ] 1820 4 12 5125 | 5770 1820 -

3 5450 | 6180 | 1880 - 13 5150 | 5790 1820 -

4 5175 | 5780 | 1920 - 14 5000 | 5620 1820 - :
5 5450 | 6190 | 1840 - 15 5000 | 5610 1850 5 ;
6 5150 | 5800 1840 - 16 5100 | 5750 1840 - E
7 5100 | 3770 1890 - 17 5125 | 5770 1840 - §
8 5075 { 5730 | 1880 - 18 5025 | 5660 1840 - é
9 5100 | 5720 | 1840 4 19 5100 | 5760 1850 - é
10 5425 | 6180 | 1840 - 20 5050 | 5720 1820 - :
Average 5170 5815 1845 -

Coefficient of variation (%) 2.9 3.2 1.9 -

Nominal yield stress: 6580 kp/cm2 Nominal elastic modulus;:2.35 Gp/cm2

Table 3.3.1: Tension test results for stirrup reinforcement

a) 6 mm mild steel
b) 10 mm mild steel
¢) 10 mm cold-drawn steel

In addition to the average values and coefficients of var-
iation, the tables state the nominal yield stress and the nom-
inal elastic modulus, defined as the average values of Py and
Es , divided by the nominal cross-sectional area-

The average stirrup strength for each shear span is found
using the strength data and the distribution of stirrups
(Table 3.1.1). The stirrups at the ends of the shear span have
been disregarded by the calculation of the average stirrup
strength. Introducing the stirrup'spacings (Table 2.2.1), the
equivalent stirrup strength sy is computed for each shear
span. The results are listed in Table 4.2.1.
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Figure 3.3.4:

6 7 8 9 10

Strain measurements by extensometer
and by electrical resistance strain
gauges (Bar No.1067a)
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In order to check the strain measurement on the stirrups in
the beam (cf. Sections 3.5 and 4.5) a test specimen (from Bar
No.1067a) was equipped with four electrical resistance strain
gauges in addition to the extensometer. The strain gauge read-
ings were analyzed by the computer programme GAUGE (cf. Section
4.1), the output being shown in Table 3.3.2. ©Cn figure 3.3.4
the strain gauge scans are plotted on the force-strain graph
taken from the extensometer. The agreement of the strain mea-

surements is excellent. The load signals are supplied by the
same pressure cell.
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3.4 Testing of longitudinal reinforcement
a) b)
Toad Mpl P Load (Mp} ‘///
I I 5 __
- / | . /
3
Strain I:a/;;l Strain (:ﬁ:}l
1 2 5 [} 1 2 3 4 ]
c) 2
Loag (Mp)
s /]
Strain (Y%l
o & B 8 10
Figure 3.4.1: Actual and idealized load-strain
curves for main reinforcement
a) Steel SKS 52 (Bar No.5206)
b) Steel SKS 60 (Bar No.6020)
c) Steel B8KS 90 (Bar No.2019)
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A tensile test specimen was taken in the interior of each bar
of main reinforcement, totalling 6 specimens 8KS$52, 20 spec-
imens SKS 60, and 39 specimens SKS 90. In order to control
the yield strength, a few of the bars were tested at the start
of the programme. As the strength turned out to be fairly con-
stant, and because the properties of the main reinforcement is
relatively unimportant for the shear analysis, it was decided
mainly to test the specimens corresponding to the beams which
got or almost got flexural failure (cf. Section 4,2). Conse-
quently, only 10 specimens SKS 60 and 18 specimens SKS 90 were
tested.

The test equipment and procedure is identical with the one
described in the preceding section for the shear reinforcement,
except for the rate of loading, which was approximately 200 kp/
sec. Typical force-strain curves are shown on Figure 3.4.1,
together with the idealized curves used in the flexural analysis.

The three curves are strikingly similar. The rather sharp
yvield point on Figure 3.4.1a appears because yielding has
started outside the 100 mm range of the extensometer. The
sudden Jjump in load at a strain of 0.8% on the same figure,
corresponds to an increase in the rate of loading.

The results of the tests are summarized in Tables 3.4.1a,b,
and ¢. For the bars not tested the average values are used.

The top reinforcement was not tested systematically, but a
few specimens were taken at random, to give an idea ©of the
strength. Table 3.4.2 contains the results, and the average
values are used in the analysis.

The test data from the longitudinal reinforcement and the
concrete strengths are used in the flexural analysis of the
beams (¢f. Section 2.3). The flexural failure loads are also
given in Table 4.2.1 of the following chapter.
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Bar PY Pu Es €, Bar PY Pu ES Eu
No. (Mp) (Mp) (Gp) % No. (Mp) (Mp) (Gp) (%)
5201 11.6 19.3 4.35 - 5204 11.45( 18.7 4.1 -
5202 11.5 19.1 4.15 15 5205 11.6 19,2 4,15 -
5203 11.15( 18.6 4.1 - 5206 11.6 19.2 4.15 12
Average i 11.5 19.0 ] 4.15 -
Coefficient of variation (%) 1.5 1.5 2.2 -

Nominal yield stress: 5700 kp/cm? ;jNominal elastic mudulus: 2.06 Gp/om?

Bar PY Pu Es £y Baxr PY Pu Es e
No. (Mp) (Mp) (Gp) % No. (Mp) (Mp) (Gp) (%)
6001 14,75} 18.0 | 4.5 - 6006 | 14.7 | 17.7 | 4.35 12
6002 | 14.75] 18.05] 4.5 15 6017 14.75) 18.5 | 4.3 -
6003 14.8 - 4.2 - 6018 | 14.8 | 18.55] 4.3 -
6004 15.0 18.15] 4.5 - 6019 14.55] 17.5 4.3 -
6005 | 14.95]| 18.5 | 4.2 - 6020 | 14.7 | 18.85] 4.2 -
Average ® 14.8 18.2 [ 4.35 -
Coefficient of variation (%) 0.9 2.4 | 2.9 -

Nominal yield stress: 7400 kp/cm? Nominal elastic modulus:2.16 G p/cm?
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Bar Py ‘Pu E_ o Bar Py P, Eg £y
No. (Mp) (Mp) (Gp) % No. (Mp) (Mp) (Gp) %
9004 18,95 20.2 | 4.2 - 9016 | 18.7 | 20.2 4.3 -
9005 18.35| 20.3 | 4.2 - 9017 | 18.2 | 20.25| 4.2 -
9006 18.6 | 20,05 4.1 - 9018 | 18.5 | 20.1 4.3 8
9010 18.15) 20.5 | 4.2 - 9019 | 18.85| 20.35] 4.3 -
9011 18.35] 20.25] 4.2 - 9020 | 18.85] 20.35| 4.2 -
%012 18.7 | 20.1 | 4.3 5 9021 | 18.35) 20.25| 4.3 -
9013 18.6 | 20.1 | 4.35 6 9022 | 17.95| 20.3 4.2 -
9014 17.8 | 20.25| 4.2 - 9023 | 17.75| 20.2 4.2 -
9015 18.8 | 20.1 | 4.3 - 9024 | 17.9 | 20.25| 4.3 -
Average 18.4 | 20.25] 4.25| -
Coefficient of variation (%) 2.1 0.6 1.5 -

Nominal yield stress:9150 kp/cm2

Nominal elastic modulus:2.11 Gp/em?

Table 3.4.1: Tension test results for 16 mm longitudinal
bottom reinforcement.

a) Steel guality BSKS 52
b) Steel gquality SKS 60
¢) Steel guality SKs 90
Test | P 3 E_ | Test | P P E e
Y a ] €y es Y u s u
No. (Mp) (Mp) (Gp) ] No. (Mp) (Mp) (Gp) %
1 5.26 | 8.81 2.34 - 3 5.43 | 9.00 | 2.32 11
2 5.27 | 8.77 | 2.34 - 4 4.68 | 7.15 | 2.36 -
Average 5.16 8.43 2.34 -
Coefficient of variation (%) G.4 10.2 0.7 -
Nominal yield stress 4570 kp/en? Mominal elastic modulus:2.07 Gp/em?

Table 3.4.2: Tension test results for 12 mm longitudinal
top reinforcement (SKS 42).
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3.5 Testing of beams

East West

Figure 3.5.1: ILoading diagram and positions of gauge
stirrups and dial gauges

FPigure 3.5.2: Overall view of beam test rig
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The loading diagram is sketched on Figure 3.5.1, whereas Figure
3.5.2 shows the actual test rig. The beams were tested upside
down, the loads being supplied by 100 Mp AMSLER hydraulic jacks.
The load was applied over the total width of the flange by
means of a cross—beam, shown on Figure 3.5.3. The stiffness
of the cross-beam is such that a load of 30 Mp equally distri-
buted over the cross-beam would cause a maximum deflexion of

1 mm. At loading, a 10 mm soft fibre board was placed bet-
ween the cross-beam and the flange.

The supports were rocker bearings, consisting of 50 mm dia-
meter cylinders fitting into grooves in 40 mm x 150 mm x 300 mm
steel platens (cf. Figure 3.5.4). The grooves were circular
of width 60 mm and depth 9 mm, the radius being 55 mm. A slab
of 4 mm hard fibre board was placed between the platen and the
web. The moveable (western) support, shown on Figure 3.5.4,
was built as a 3 m radius pendulum bearing.

The load on the jacks was measured by an AMSLER spring mano-
meter with pressostate (seen to the right on Figure 3.5.2). The
magnitude was read visually on the scale of the manometer and
recorded electrically by a device connected to the scale hand.
Electrical resistance transducers shown on Figure 3.5.3 recor=-
ded the deflexions of the flange at 300 mm intervals. The
strains in two stirrups in the middle of each shear span were
measured by electrical resistance strain gauges, two opposite
each others in the middle of each stirrup. The positions of
the gauge stirrups is shown on Figure 3.5.171.

All the electrical measurements were registered automatic-
ally on a solartron, placed to the left on Figure 3.5.2. 1In
addition to the time, each scan covered 20 channels, viz.:

- The voltage of the Wheatstone's bridge
- The load at the start of the scan.

- Eight stirrup strain readings.

— Nine deflexion readings.

- The load at the end of the scan.




T 0 i
Figure 3.5.3: Jack head with cross-beam.
Resistance transducers for deflexion

measurements.

Figure 3.5.4: Western beam end with pendulum support
and dial gauges on the beam faces.
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Each scan took approximately 40 seconds, and the readings
were punched on a papertape and printed for visual inspection.
The papertape was later converted to punched cards.

Longitudinal strain measurements were taken by means of
7 dial gauges on each side of the beam. The position of the
gauges is sketched on Figure 3,5.1 and details are seen on
Figure 3.5.4. The bearings for the dial gauges were screwed
into nuts placed in the beam mould priorlto casting. Gauges 1
through 5 measure the elongations at the level of the main
reinforcement. Gauges 6 and 7 are placed in the central level
of the flange and record the flange compression in the shear
and bending span, respectively. Because of the test rig, it
was only feasible to measure the compression of the western
shear span flange. The dial gauge readings were recorded
visually and the values were later punched on cards.

A zero measurement was taken with the beam resting on the
jacks. The beam was then loaded in steps of 2 Mp (per jack) ,
apart from the first two steps of 3 Mp each. Up to 10 Mp, the
load was applied during 5 minutes, including 1 minute for the
actual loading. Then the dial gauges were read and at least
two -scans taken at a total duration of 2 minutes. At loads of
10 Mp and more, the load was applied during 10 minutes before
the measurements. When the beam was near failure, i.e. when
considerable deformations were taking place at constant load,
measurements were taken at 5 minutes interval. A typical load-
ing history is shown in Section 4.3.

The shear cracking load, and the load at which the shear
cracks extended into the flange, and the ultimate load were
noted. On the whitewashed beam, the cracks were traced with
ink and photographed at load intervals of 4 Mp, starting at
10 Mp. After failure, the dial gauges and deflexion trans-
ducers were removed and an additional photograph was taken.

When one of the shear spang had failed, the corresponding
hydraulic jack was closed down, and loading proceded until
failure of the other shear span. The shear force in the span
is now 195/300 P, P being the load on the jack. Therefore the
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load steps are increased by a factor 300/195 = 1.54. The load
was raised at intervals of 7 minutes, but for the greater part
of the second test, the loading was not well controlled, since
it was found that the other hydraulic jack continued to exert
a force on the beam after the oil supply had been cut off.
Prior to failure of the span, however, it was assured that on-
ly the loaded jack was touching the beam.

At the second test, only the stirrup strains were recorded
at each load step, and the ultimate load was noted. In scome
cases, a second shear failure was not achieved, either because
the manipulation of the jacks did not succeed, or because the
beam failed in the same end as before.

After completion of the test, close-up photographs were
taken of the failure(s) on the opposite side of the beam, where
the cracks had not been traced.
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4. TEST ANALYSIS

4.1 Computer programmes

The data from the beam tests were analysed by the computer pro-
gramme PLOT, which was written in FORTRAN and run on the IBM
370/165 computer facilities of NEUCC at the Technical Universi-
ty of Denmark. Figure 4.1.1 shows the structure of the com-
puter programme. The analysis is carried out in eight sub-
routines, operating as follows:

Subroutine HEAD prints the first page of the output, iden-
tifying the beam and listing the dates of casting and testing,
the material properties and the ultimate load or loads. A
typical exémple ie shown as Figure 4.1.2. The first page also
cantains the analysis of the concrete test results (cf.Section
3.2), which is performed in the subroutine CONCR. Subroutine
SCAN converts the content of the papertape to readings involts.
The actual numbers recorded during the test are printed as page
two of the output (Table 4.1.1). Subroutine LOADS calculates
the loads and plots the loading history (cf. Section 4.3). Sub-
routine DEFLEX calculates and prints the deflexions and plots

deflexion curves (e¢f. Section 4.32). Subroutine DIALS analyses
the dial gauge readings (cf. Section 4.4). Subroutine GAUGES
analyses the stirrup strain readings (cf. Section 4.5). Sub-

routine FORCES calculates, prints, and plots the forces in the
four stirrups equipped with strain gauges (cf.Section 4.5).

The five subroutines ASTEX, RECTAN, TEXT, GRAPHS, and LEGEND
perform routine operations common to several of the subpro-
grammes mentioned above.

Another programme, RELOAD, combining parts of subroutines
SCAN, LOADS, and GAUGES, was used to treat the strain measure-—
ments of the second beam test (cf. Section 4.6). In this case,
no plots were made. The calibration of the strain gauges,
described in Section 3.3, was carried out using a similar pro-
gramme, GAUGE.

The strain data from the concrete cylinder loading tests,
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PLOT

CONCR SCAN LOADS OE X O1ALS GAUGES FORCES

HEAD

ASTEX ’QECTAN{ ['TExT l [GRAPHSI lLEGEND]

Figure 4.4.1: $tructure of computer programme for
analysis of data from beam tests

SHEAR STRENGTH OF REINFORCED CCNCRETE BEANS

STRUCTURAL RESEARCH LABORATORY
STVF 2549, B-257
OATE L 1975 911

BT L L T P T R L T A LT L YT L T e T P Ll

BEAM NOI  TéG1E CAST:  1973.10.22 TESTED: 107321107
CONCRETE STRENGTH: - SIGMACT 112« KP/SGOM STIRRUPSI 2RIG/210.0 #»
SHEAR REINFRRCEMENT EASTZ SIGMAYZ 34831, KP/S0CM P51t D.229

SHEAR REINFORCEMENT wEST: SI1GMAYD 3248, KP/SOCH PSIz 0.216

SMEAR FAILURE LOAD WEST: 'H 24k NP TAU/SIGRACT  Dalag

SHEAR FAILURE LDAD EAST: 'H 23.5 WP TAUSSIGMACT  Ce234

L T T T P R T L L R LA L AL E R L e

CONCRETE STRENGTHSI

CYLINDER STRENGTHE (KArSOCM) T (LI 113 11244 7 10809 114.2

SPLIT CYLINDER STRENGTMS (KP/5uCw): 128 12.8 13.8 14.0

AVEHAGE CYLINDER STRENGTHI 112.¢ KP/LSOCM AVERAGE SPLIT CYLINDER STRENGTHI 13:1% KkPrs3GCM
STANDARD DEVIATION: 4aCh KP/BOCM STANDARD DEVIAYION:D ! 0ub71 XP/SACM

P T T T T T T LT L T T e T T P T TY P YY)

Figure 4.1.2: First page of output from Beam No.T6018
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described in Section 3.2, were analysed by CONC, adapted from
a standard programme developed at the Structural Research La-
boratory. Based upon the experimental stress-strain curve, the
elastic modulus is calculated as follows: By the method of
least sguares, a straight line is constructed through the first
(standard: 8) points of the curve. The next point is included
if it lies close enough (standard: strain difference less than

0.007%) to the line. If the point is included, a new line is

calculated, and the process is repeated until the stress-strain
curve deviates too much from the line., When the results are
plotted (see Section 3.2), the strain values are adjusted in

order to let the line pass through the origin.

Table 4.1.1: Numbers recorded during scans of Beam No.T6018

REGCORDING GF ALL SCANS
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The programme FLEX calculates the. flexural capacities of the
beams, based upon the strengths of concrete and longitudinal
reinforcement, found in Chapter 3. The analysis is explained
in Section 2.3. If the reinforcement is not yielding, the
flexural strength is found by iteration. In Section 2.3, the
results are given.

Finally, the programme EXP compares the experimentally
obtained ultimate loads with the predictions of the web crush-
ing criterion {(cf. Section 1.1). The programme calculates the
best value of the web effectiveness v by minimizing the sum |
of squares of the normal distances of the experimental points §
(v, T/Gc) from the web crushing criterion, egquations (2). The :
output includes the coefficient of variation based upon N-1 f
degrees of freedom, N being the number of points. The re- :
sults are stated in Section 4.7.

As mentioned in the introduction, the actual programmes
and the entire output is not included in the present report.
A general description of the results is given in the sections
below.
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4.2 General behaviour

The strength properties of the 26 beams are listed in
4.2.1. The table contains the material strengths Sy
(cf. Section 3.3 and 3.2, respectively), the expected
failure load PF(cf. Section 2.3), the observed shear

load VCr

Table
and o

C

flexural

cracking

failure. The latter is designated as follows: SE: shear

, the observed ultimate load Vu’ and the type of

failure of eastern span, $W: shear failure of western span,

FT: flexural tension failure, and FC: flexural compression

failure. Beam No.T6005 failed in both shear spans simul-

taneously.
Bean sY Uc PF Ve v“l Fallure Beam sY l UC PF v \lu Failure
No (kp/ent ) jikp/enty | (Mp) (Mp) (Mp) | Mede No.  kkpfew?) (kpsent) | (Mp) | (Mp) (Mp) | Mode
sa1a 91121 e | are 6 | PP e pocaz P38 | aor (ero| 6 | 7| s
gsa1e B[ 230 | 105 | 210 6 |00 s o036 Moy | 100 3| 6 86| o
w22z ) 282 | 105 | mus 6 | 212 | e ___T - s || o8 | Bt s
6005 & g? 108 26.7 6 :?i SEN 105 27.9 6 35:2 SE
010 0] 190 105 26,7 6 | o, | sE 129 sze | e BV o
i B I o | 23| s 2 fana| o er| S| s
reors B| 22-2 112 26.8 8 |22 o 102 wa, 8 | mil s
reozz W) 30-7 1 10 | 26.6 a2 270 s o 2ea | o8 | 220 e
T6025 g;:z 105 26,6 6 | 22| e 19078 1 98.5 115 0| 10 | BEL s
reoze U] 338 | 108 | 267 6 | s e Tootea¥] 252 sa. | 26.6| 6 | jo| s®
reaa2 §) 392 120 | 26.7 6 | 23] e 190294 ] gg:g 110 30.4 sr) 22| e
roozs 7| 3% | e | w7 62 T sw worem % 20 | 1or 6] 6 2l s
9029 3 »-0 81 22.7 6 | 22.8 | s¢ o020n ¥ 3573 116 30.2] & gg:g s

Table 4.2.1: Strength properties of test beams
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b)

Figure 4.2.2: Close-up views of failures of Beam No.T6018.

a) Pirst shear failure (WEST)
b) Second shear failure (EAST)
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The shear cracking load Vcr is defined as the load step
at which the first visible web crack appeared. Generally it
was at the level of 6 Mp (i.e. at a load between 3 Mp and 6 Mp),
somewhat increasing with increasing amount of stirrup rein-
forcement. A question mark in the table indicates that the
beam was not thoroughly checked at the previous load stage,
hence the first crack may have appeared earlier.

As the loading proceeded, it became obvious that the visible
‘cracks' were carrying shear, through the formation of small
crushing zones. "The latter were barely visible, but could
easily be felt with the fingertips on the surface of the web.

The development of the cracking is shown on Figures 4.2.1
for Beam No.T6018. The photographs have been turned upside
down, so that the beam appears to be loaded from above.

At about 75% of the ultimate load, the shear ‘'cracks' ex-
tended into the flange. At this stage the deformations became
considerable, and the beam assumed a characteristic S—-shape
with reversal of curvature at the supports. dJust prior to
failure, this lead to the formation of tensile cracks in the
flange, as seen on Figure 4.2.1d and e.

‘Even quite clése to the ultimate load, it remained an open
question which shear span was going to fail first. Neither the
location of the first visible crack, nor the extension of the
cracks into the flange, could be taken as a guide. The only
infallible sign was the appearance of the tensile flange cracks,
mentioned above.

The ultimate load is defined as the maximum load recorded
on the manometer, i.e. the load at which the pressostate is
unable to keep up with the deformations. For some beams, fail=
ure was obtained during loading, but in most cases the load
started to drop during a load stage. This does not appear from
Table 4.2.1, owing to the fact that the load steps were not
exactly 2 Mp (cf. the section below).
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Of the 26 beams, 24 failed in shear. The two excepﬁions
were Beam No.T53222, which was expected to get flexural failure
{(cf. Section 2.4), and Bean No.T9029, which untentionally got
a very low concrete strength and failed in flexural compress-—
ion. Right up to failure, however, both beams displayed the
characteristic shear behaviour described above, including the
tensile cracking of the flange.

On the other hand, Beam Nos. T5214 and T5218 showed yielding
of the main reinforcement in the bending span, just before the
shear fallure. Also Beam No.T6029 behaved like it would fail
in flexion, although no yielding of the main reinforcement was
detected.

The shear failures were confined to the web, particularly
to the level of the main reinforcement and to the junction of
web and flange (¢f. Figure 4.2.7e and the close-up views of
Figure 4.2.2). The profusion of web crushing is probably due
to the weakness of the concrete, which also accounts for the
very ductile failure observed.

When the shear reinforcement in the two shear spans are
different in strength, we would expect the weaker span to fail
first. As seen from Table 4.2.1, this is not always the case.
This reflects the fact that, especially with strong shear rein-
forcement, the ultimate load is more dependent upon concrete
strength than upon the strength of shear reinforcement. While
the latter is fairly well defined, the former is subject to un-—
predictable variations, as discussed in Section 3.1.

In the cases where two shear failures were obtained by the
procedure described in Section 3.5, the second failure load was
usually equal to or slightly higher than the first. This in-
dicates that the second failure load may be used with confi-

dence, although the moment distribution in the beam is somewhat
different.
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For Beam Nos. T6005 and T6010, a second shear test was not
attempted. Beams Nos. T5214, T9032, and T9036 failed by shear
in the same end as before. In the two latter cases, the fail-
ure took place in the former bending span, which was reinforced
by five stirrups only rather than the usual seven (c¢f. Section
2.4). The ultimate shear forces on the three beams (24.9 Mp,
26.4 Mp, and 30.6 Mp, respectively) were equal to or higher
than the first failure loads.

Beams Nos. T6018 and T9025 failed at a lower load by the
second test. In-both cases, the web was seriously strained
during the first test (see Figure 4.2.%1e). Furthermore, for
Beam No. T6018 it cannot be excluded that the supposedly closed
jack was applying an unknown load on the beam right up to fail-
ure (cf. Section 3.5).

It is worthy of note that the two failure loads for the same
beam may differ by as much as 8%, although the strength pro-
perties of the two shear spans are supposedly identical. Thus
a theoretical prediction of the load~carrying capacity must be
subject to an unreliability of this order of magnitude. -
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4.3 Loads and deflexions

Figure 4.3.71 shows the lcading history of Beam NO. T6018. From
20 Mp the load steps were reduced te 1 Mp and at 21 Mp two scans
were taken. As the deformations became negligible, the load
was raised to 22 Mp and six readings taken. A single scan was
taken at 23 Mp and the lcad was then increased to 24 Mp, but

failure occurred before a scan could be performed at this load
level.

LOADING HISTORY
STV 2349 Re25T
BEAN NE. TEOIE
Lo 1) SHEAR FATLUNG VEST

2] O sens

2
Al
0

e I
e 2o s a@ 50 G0 10 09 90 106 110 120 130 140 1% 160 170 00 1% 208

Figure 4.3.1: Loading history of Beam No.T6018
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In subroutine LOADS, the load readings have been calibrated
by means of data from a pressure cell. It turns out that the
actual loads are 2% greater than the nominal. Thus, as seen
on Figure 4.3.1, the load stage 20 Mp corresponds to an actual
load of 20.4 Mp. In Table 4.2.1 of the preceding section, the
actual failure loads are given. Whenever the load is given as
an integer, say 20 Mp, we mean the nominal load or locad stage.

Table 4.3.1: Deflexions of Beam No.T6018

DEFLEX IONS (L)

LOAG (MP) east . wEST
. . . 3 1 it . .0 0 N .
I . 202 w05 . 08 ilo 1o o7 o3 03 .
: : 98 Tie . s2¢ w28 ] <22 <13 103 .
0 . 17 GE : =y 5T G B L By =
- - a2 a2 ity -T2 7 -7h - 80 w42 .22 »
M . 227 M+ 2 8 - . i74 sz 227 M
¥ ¥ I3+ - &% 4 =T =T O Ve w5 EY:4 -
- 8 -7 -1 -3 vk . -14 77 -3 -
M 5 : H by
v : 38 13 2% * = " e ey .
: - a 51 -? .;2 - . 3% -?; . -
¥ ¥ A5 3 T - v . <) 1% 133 -
H : i if1e *80 w13 . t1a o3 o1s o84 M

IS 2, 1g81 2 2 20 1s8 Ly, 4 "
¥ * 4 127 TH iTe 3 e 185 P —Ru o
- - .58 le22 1 aB4 2el18 228 «23 LaBd 1.22 -1 -
» . e3 :H 12 2230 2ua0 i3 204 1133 55 - .

The deflexions were measured at intervals of 300 mm along
the beam, as described in Section 3.5. The results from Beam
No.T6018 are listed in Table 4.3.7 and plotted on Figure 4.3.2.
The deflexion curves lying close together correspond to the
readings taken at constant lcad near failure.

Note the change of sign of the curvature near the supports.
This effect is most marked in the western shear span, where the
first failure took place. 1In one case (Beam No.T9071) the re-
versal of curvature was so drastic that it led to a decrease
of deflexion near the support, as seen on Figure 4.3.3.

The behaviour of the beam close to the support is subject to
further study in the section below.
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Figure 4.3.2: Deflexion curves for Beam No.T6018
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Figure 4.3.3: Deflexion curves for Beam No.T9071,
showing reversal of deflexions close
to support.
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4.4 Dial gauge readings

Table 4.4.1 lists the readings of the 14 dial gauges for Beam
No.T6018. The locations of the 7 dial gauges on each side of
the beam is shown schematically on Figure 3.5.1. The readings
on each side of the beam measured in mm-10_2 are designated
g, Upr seey Ug oo The corresponding strains in % are found
dividing by the gauge length in cm, thus:

uy u, uq u,

€1 " 555 ¢ €2~ F52.5 ' f3795 ' F47 52.5

o
w

=
@

[t
~3

W
(=]

€5 T 57,5 * % 105 £y

The strains in the shear spans (i.e. Eqr €55 E41 Egy and
g for both sides) are plotted on Figure 4.4.1. Figure 4.4.2
shows the 'strains of the bending span (g5 and &4 for both
sides) .

Based upon the dial gauge data, subroutine DIALS calculates
the curving of the bending span and the rotation of the beam
end. The results are listed in Table 4.4.1 and plotted on Fi-
gure 4.4.3 for Beam No.T6018.

The curving o 1is defined as o = (u3 +u7)/z . Here
z = 314 mm is the vertical distance between the dial gauges
in the bending span, and the average of the readings on the two
sides of the beam is used. Thus a is the angle between the
tangents to the beam at the loaded sections. The curvature in

cm is obtained dividing o by the bending span length %0cm.
The curvature is an almost linear function of the load on

the beam. The only exceptions are the beams T52, where yield-

ing of the main reinforcement was observed, as mentioned in

Section 4.2. Figure 4.4.4 shows the curvatures of Beam No.T5214.
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Figure 4.4.1:  Strains in shear spans for Beam No.T6018

Table 4.4.7: Dial gauge readings, curvatures, and
instaneous radii for Beam No.T&018

OIAL GAUGE READINGS  (MM/100)

NORTHERN SIDE SOUTHERN SEDE CURVATURES INSTANTANEQUS
LOAD (WP} ) FI a s & 1 P ) 6 7 (0/00) apll  (cw)
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* 10 21 F 2 8 23 2 4 B4
. 3 =54 2 N 10 29 S8 2 3 K =07
s 1 15 18
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. 72 12 a0 20 2 71129 3z 19 .87
» AR 14 1 3 3= 22 E T
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. 43 170 242 385 4 BL 7. 57 282 151 32 4 80
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Figure.4.4.2: Strains in bending span for Beam Ho.T6018
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Figure 4.4.3: Curvatures and radii of rotation for
Beam No.T6018
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Figure 4.4.4: Curvatures and radii of rotation for
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The instantaneous radius r of rotation of the beam end is
found as sketched on Figure 4.4.5. Between two scans, the load
deflects the distance Av with respect to the support, the
main reinforcement of the shear span increases the amount Au
in length, and the flange is compressed by Aw . We assume
r >> z , Av »> Au , and Ay >> Aw . The radius of rotation of
the support section with respect to the loaded section is then:

AV

= Au + Aw *

o]

Here Au = Au14-Au2

on the twovbeam faces). The deflexion of the load is not mea-

and 4w = Aug (averages of the readings

sured diréctly, but Av is inserted as the average of the in-
creases in deflexion of the points lying 150 mm on each side
of the load. The instantaneous radii are listed in Table 4.4.1
and plotted on Figures 4.4.3 and 4. The value 9999 cm in the
table means that r is infinite, Au+Av being zero while
AV is non-zero. The range of the plot is limited to r <900¢em,
hence values 1 >900 cm are plotted as r = 900 cm. B

We note that up to approximately 80% of the ultimate load,
the radius remains fairly constant, if the order of magnitude
200 cm. Then it starts to increase and the very high values
occur at the readings taken at constant load, when the deform-
ations are due to plastic flow and/or redistribution 6f stres-
ses.

This picture is the same for all the beams, including the
ones (Beams Nos.T5222 and T9029) which failed in flexion.
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4.5 Stirrup strains and forces

Table 4.5.1: Electrical resistance gauge strains
for Beam No.T6018

ELECTRICAL GAUGE STRAINS ({0/00)

LOAD (MR} : STIRAYP L STIRRUP 2 STIRAUP 2 STIRRUP & i
oo -0 .0 .0 .0 o . i
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Table 4.5.2: Stirrup strains for Beam No.T6018
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Figure 4.5.1: Stirrup strain curves for Beam No.T6018
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As described in Section 3.3, the force- strain curves of the
stirrups are idealized to perfectly plastic behaviour. Thus
the yield strain €y is defined as £y = PY/Es ’ PY and Es
being the yield force and the force-strain modulus, respective-
ly. Comparing Tables 3.1.1 and 3.3.1, the yield strain of each
individual gauge stirrup is found. The yield strain is ap-
.proximately 1.5% for the mild steel and 2.8% for the cold-drawn
steel. ‘

The readings of the eight electrical resistance strain
gauges on Beam No.T6018 are listed in Table 4.5.1. The gauge
strains for the two gauges on each stirrup are combined to
yield the,average stirrup strains, displayed in Table 4.5.2
and plotted on Figure 4.5.1. The stirrup strains remain negli-
gible until the shear cracking occurs. Then the strains in-
crease almost proportionally to the load, at least as long as
scans are taken. No yielding of the stirrups is observed on
Figure 4.5.17, but one western stirrup did just reach the yield
strain, cf. Table 4.5.2.

Figure 4.5.1 shows that the stirrup strains do increase a
little during the scans taken at constant load. This indicates
that a redistribution of stresses is taking place when the beam
as such is yielding, i.e. deforming under constant load.

We would expect the stirrups of the beams with little shear
reinforcement to yield at failure. The fact that in many cases
no yield was registered by the strain gauges was considered so
puzzling that an extra calibration of the gauges and the equip-
ment was made (cf, Section 3.3). This doublecheck confirmed
the results in every respect. We shall return to the guestion
of stirrup yield in the following section.

The bending of the stirrups is measured by the difference
between the strains of the two gauges on each stirrup. The
differences (actually half the differences) are listed in Table
4.5.3 and plotted on Figure 4.5.2 for Beam No.T6018.
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Table 4.5.3: Stirrup bending for Beam No.T6018

DIFFERENGE BETWEEN STIRRUP STRAINS (0/00)
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Table 4.5.4: Stirrup forces for Beam No.T6018
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The stirrup forces are found by multiplying the stirrup
strains by the force-strain modulus for each stirrup. When the
stirrup strain exceed the yield strain, the stirrup force is

put equal to the yield force, but as explained above, this on-
ly happens in a few cases. For Beam No.T6018, the stirrup
forces are listed in Table 4.5.4 and plotted on Figure 4.5.3.

§
i
4
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4.6 Yielding of stirrups

As mentioned in Section 3.5, only the stirrups were scanned
during the second test of the beams. The readings were anal-
ysed by the programme RELOAD (cf. Section 4.1), and the results
were examined to determine if the stirrups of the shear span
which failed first had received any permanent strains, and if
yielding of the stirrups of the remaining span was recorded.

Table 4.6.1: Analysis of stirrup strains at second test of i
“Beam No.T6018 ;
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Table 4.6.1 shows the results of the second test for Beam
No.T6018. The eastern span failed at 23 Mp, before scanning.
The last scan, taken at 22 Mp, does not reveal any yielding,
although stirrup 4 with a strain of 1.44% is very close.

We note, however, that'at 10 Mp the western stirrups show
strains of 1.61% and 1.21%. At the following scans, the
strains. decrease, indicating that a steady state has not been

reached after the first test. The gauges of the western stir-
rups were disconnected after scanning at 14 Mp. At any rate,
we can conclude that stirrup 1 has been yielding. As for :

stirrup 2, yielding is probable, but not certain.
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Table 4.6.2: Recordings of stirrup vield at first and
second testing of beams.

0 : No yielding detected

(0) : Possible yielding detected

Y : Yielding recorded

- i Strain gaug dai ed or inoperable

Permanent strain of stirrup in connection
with pronounced bending

The outcome of the investigation of stirrup yield for all
the test beams is shown in Table 4.6.2. Corresponding to each
beam, the table lists the failure mode {(c¢f. Section 4.2) and
the results of the examination of each stirrup during first
{top line) and second (bottom line) test. The symbols used
are explained in the caption to the table. Finally the beam
is classified according to yielding of stirrups (certain, poss-
ible, or not recorded). We note that the beams with identific-
ation numbers greater than 29 showed no certain yielding,
whereas the rest of the beams did. Exceptions are the flexural
failures and Beams No.T5214 and T6025, where the gauges on the
western stirrups were disconnected before reloading of the

eastern shear span.
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4.7 Ultimate loads

Table 4.7.1:
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As described in Section 4.2, the 26 beam tests yielded 44 shear
failure loads plus 2 flexural failure loads, grouped in five
series: T52 (3+1 failures), T60 (15 failures), T90 (18+1 fail-
ures), Td (4 failures), and Tm (4 failures). The test results
are summarized in Table 4.7.1. The table lists the strength
parameters, the ultimate loads, and the non-dimensional param-
eters Y and T/Oc , introduced in Section 1.1. According to
the web crushing criterion, the points (¥, T/Gc) should lie on
a MOHR's circle with diameter v or on its horizontal tangent.
The value v given in Table 4.7.1 for each test is the dia-
meter of the MOHR's circle on which the particular point

(U, T/cc) . is located. For points with ¢ > r/dc , we have put
v==21/6c assuming that the point is lying on the tangent. The
average is used as the start value for v in the programme
EXP, described in Section 4.1, which calculates the best web
effectiveness v for each of the five series. The results are
given in Table 4.7.1.

The test results for the five series are plotted on Figure
4.7.1. The curves represent the web crushing criteria giving
closest fit, as explained above. The two flexural failures are
included in the table and on the figures. The value ¢ used
is the one corresponding to the weakest shear span. The flex-
ural failures are omitted from the caleulation of the web ef-
fectiveness.
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Failure mechanism

behaviour of the beam, described in Section 4.2, follows

pattern staked out in Section 1.1. As seen on Figure 4.2.1a,

first shear cracks have an inclination of approximately 45°

(cf. Figure.1.1.2a). Figures 4.2.1b, ¢, and 4 show the de-

creasing inclination of the subsequent cracks (cf. Figure

1.1

.2b) .

flange cracks,

On Figure 4.2.1d, note the appearance of tensile
indicating that a yield zone has been formed

(cf. Figure 1.1.2¢c). The decreasing inclination of ‘the yield

lines is seen on Figure 4.2.1e, which shows how the yield line

starting at the western support on Figure 4.2.314 has been
added a flatter branch (cf. Figure 1.1.24).

Figure 5.1.1:

Failure of Beam No.T6010
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The western span of Beam No.T6018 had a shear reinforcement
degree of Y =0.22 (Table 4.7.1)-With v=0.72 , the theoretical
crack inclination ¢ (Section 1.1) is determined by:

cotp = Vu/y-1 = 1.51

Hence the crack inelination should be w==3395 and the
yield line inclination 6=20=67° . While the former value
does not seem faxr off, the yield lines observed on Figure
4.2.1¢ are obviously much flatter than 67° . This is bound up
with another deviation from the predicted behaviour, viz. the
fact that, as shown in Sections 4.5 and 4.6, the stirrups do
not yield until immediately before failure, i.é. in stage IV.
Thus we may conclude that the elastic strains of the stirrups
are great enough to permit the formation of the yield lines in
the concrete which are observed as early as in stage III (Fi-
gure 4.2.1d). Accordingly, the yield lines must be flatter
than expected. Note, however, that if we define the angle @8
as the inclination of the lines bounding the yield zone (Figure

~1.1.1b), then the prediction @ =67° is not toc bad. The ex-
tension of the yield zone is determined by the tensile flange
cracks mentioned above, which indicate that a yield node in the
flange has been formed.

The type of failure observed must be classified as web
crushing. The distress of the web was most dominant for the
strongly reinforced beams. The beams with little shear rein-
forcement tended to have the deformations concentrated in one
or two yield lines. Figure 5.1.1 shows the failure of Beam No.
76010, which was the only case where a yield line proceeded
through the compression flange. Traditionally, this failure
would be described as 'diagonal tension failure'. It is evi-
dent from Figure 5.1.1, however, that substantial shear forces
are transferred through the 'diagonal cracks'.
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Figure 5.1.2: Second failure of Beam No.T9078

If the deformations are carried on long enough, the com-—
pression flange is eventually destroyed, as seen on Figure
5.1.2, showing the second shear failure of Beam No.T9078. To
classify this failure as shear-compression would be misleading
since the flange failure is obviocusly due to the excentric
compression caused by the web deformations. We suspect many
of the shear-compression failures reported in the literature
to be of the same nature, but this claim will have to be sup-
ported by tests on beams with a stronger concrete.

The general behaviour of the beams (Section 4.2) and the de-
flexion curves (Section 4.3) substantiate proposition (1) of
Section 2.1. A gquantitative support is provided by the mea-
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surements of the beam end rotations (Secticn 4.4). Since the
value of the radius of rotation is found through division by a
small gquantity, it can only be taken to express the order of
magnitude. Even so, the measurements clearly show that the
rotation about the crack top, assumed by most shear failure
theories, is almost nonexistent. Moreover, it appears that
what little rotation there may be, is mainly due to elastic
elongation of the main reinforcement and compression of the
concrete flange. The measurements taken at constant load show
the radius of rotation to be practically infinite, indicating
that the failure mechanism is indeed a parallel translation of
the loaded section with respect to the support section.

In the preceding analysis it has been taken for granted that
the yield lines were traces of failure planes perpendicular to
the plane of the beam. With the purpose of studying this
guestion, two beams were cut through after failure at normal
sections in the middle of the shear spans. The cross-section
of Beam No.T6029 is shown on Figure 5.1.3, before and after the
cracks have been traced by ink. Figure 5.1.4 shows the cross
~section of Beam No.T6018d. In either case, the cut has been
placed in the shear span which failed first, hence it cannot
be excluded that some of the cracks observed were caused by the
second shear test.

The photographs are most interesting, however, by the cracks
that are missing. Thus we note that the cracking observed on
the faces of the beam does nof penetrate the web, but appears
to be confined to a surface layer more or less identical with
the concrete cover on the stirrups. Instead there seems to be
one or more failure planes running obliguely through the web.
There is no cracking at the centre bars, not even for Beam No.
T6018d, where we would expect these bars to receive twice as
much load from the stirrups as the corner bars (c¢cf.Figure
2.2.2b). A possible explanation for the absence of cracks is
that splitting is resisted by the transverse concrete compress-—

ion balancing the tension in the horizontal stirrup legs.
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Figure 5.1.3: Normal section of Beam No.T6(29
(Eastern shear span)

a) Before tracing of cracks
b) After tracing of cracks
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Figure 5.1.4: Normal section of Beam No.T6018d4
(Eastern shear span)
(Mistakenly labelled U6018d)

Thus it may be concluded that in order to get a full under-—
standing of the web failure mechanism, it is necessary to con-
sider a three-dimensional yield pattern. We shall return to
this question in Section 5.5.° -
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5.2 Influence of main reinforcement strength

The series T52, T60, and T90 were made with different strengths
of main reinforcement. Comparison of the ultimate loads

(Table 4.7.1 and Figures 4.7.%a, b, and ¢} shows that the dif-
ferences in web effectiveness Vv are of the same order of
magnitude as the standard deviations for the three series.
Thus the tests support the implication of the web crushing
criterion (proposition (2) of Section 2.1) that the strength of
main reinforcement has no effect on the shear strength of the
beam.

This conclusion may be substantiated somewhat more by sta-
tistical means. Our hypothesis is that the three series are
samples from the same population, which we assume to be normal.
The numbers N of observations, the sample means x , and the
sample variances s® are given in Table 5.2.1 based upon the
values of Table 4.7.1. The variance is calculated from the
coefficient of variation, and the mean is put egual to the best

value of v .

Series N X s s?
T52 3 71.8 1.94 3.76
T60 15 71.8 4.09 16.7
T90 18 75.0 6.68 44.6
Table 5.2.1: Sample means and variances for series

T52, T60, and T90.
(shear depth: h%*=2)

Series s1/85 | Fgq 5 S12 | T2 | %97.5
Lo 4.4 39.4 3.88 0 2.12
im0 11.9 39.4 6.35 | 0.81 2.10
b e 2.67 2.91 5.66 | 1.62 2.05

Table 5.2.2: F-~test on sample variances and t-test
on sample means
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The differences of the variances are investigated by the
F-test (cf. reference [8] pp. 193 ££.). Table 5.2.2 lists the
variance ratios and the 97.5% fractile for the F-statistic
(taken from reference [9]). 1In all three cases the F-value is
greater than the variance ratio. Consequently, the sample
variances are not different at the 95% significance level. An
estimate of the common variance 5%2 is then:

B (N1—1')s?l‘ +(N,-1) 8

2
s =
12 N1+N2—2

The values of the standard deviation s
5.2.2.
The differences of the means are investigated by the t-test

1y are given in Table

(reference [8] pp. 184 ff.). For each pair of samples, the
quantity

1}_(1 —X2|
" T
S12\/N1+N2
is calculated and compared with the 97.5% fractile of the
t-statistic (Table 5.2.2). 1In all cases we have tis > tgg 5 ¢
hence the means are not significantly different at the 95%
level. l
As a consequence of this result, the three test series are
combined on. a plot, Figure 5.2.71. The web effectiveness is
v=73.9% , the coefficient of variation being 7.4%.
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and T90 (Shear depth = h* = 2)

Figure 5.2.2: Failure of Beam No.T5214
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Of course, the proposition is only justified provided the
main reinforcement is strong enough and well enough anchored
to resist the tensile stringer force at all points of the shear
span. When this is not the case, e.g. if the main reinforce- '
ment is curtailed, then we cannot expect the web ¢rushing cri-
terion to apply. Beams with curtailed reinforcement are the
subject of a subseguent test series.

The design of main reinforcement according to the proposed
theory is treated in reference {3]. When the main reinforce-
ment is carried all the way through and well anchored, as is
the case with the present test beams, then the shear strength
should be given by the web crushing criterion with the full
flexural cépacity as an upper limit. This claim is supported
by the results from series T52 (cf. Table 4.2.1 and Figure
4.7.1). The fact that the main reinforcement was yielding for
these beams did apparently not reduce the ultimate load in
shear. It may have had an effect on the failure mechanism,
which seems to be a combination of flexure and shear, as seen
on Figure 5.2.2, showing the failure of Beam No.Th214. Ap-—
parently the failure mechanism has involved some rotation in
the yield lines (see also Figure 4.4.4).
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5.3 Strong shear reinforcement

Beams Nos. T9060, T9065, T9071, and T9078 were made with stir-
rups of cold-drawn steel and had very high degrees of shear
reinforcement. The behaviour of these beams was not different i

Figure 5.3.1: Failure of Beam No.T9060

Figure 5.3.1: First failure of Beam No.T9060

a) Overall view
b) Detail
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from that of the rest. Figure 5.3.1 shows the first failure
of Beam No.9060. According to the web crushing criterion, the
concrete cracks (i.e. the compression struts) should remain at
an inclination of 45° to the beam axis, and the yield lines
should be vertical, i.e. the limits of the yield zone (cf. Fi- §
gure 1.1.1) should be planes normal to the beam axis. Judging ‘
from the close-up photograph of Figure 5.3.1b, the first claim
seems to be true, whereas the second is not supported. As
mentioned in Section 5.1, it appears that the elastic strains
of the stirrups permit the formation of inclined yield lines in
the concrete.

On Figure 4.7.1¢c it is seen that the ultimate loads of the
four beams were almost equal in spite of the fact that the de-
gree of shear reinforcement varied by approximately 50%. This
supports the proposition (3) of Section 2.1 that the load-car-
rying capacity is independent upon the amount of shear rein-
forcement, provided the latter is sufficiently great.

The reason for this is that the concrete of the web fails
beforé the stirrups are yielding. Thus the degree of shear
reinforcement =w1 which is necessary for this situation to
arise may be deduced from the cbservations of stirrup yield.
Comparing Table 4.6.2 with Table 4.7.1, we note that the most
strongly reinforced shear span for which yielding was recorded

with certainty is the western span of Beam No.T6029, which had
$=0.36% . The weakest shear span for which no yielding 1is
observed is the western span of Beam No.T9040 with 1y =0.430.
Thus we deduce that the value of ¢1 lies in the interval
0.37 <y, <0.43 . The upper limit is unreliable, however, since
failure to record stirrup yield constitutes no proof that

yielding has not taken place.

The use of high strength stirrups is prohibited by most
building codes for fear of excessive crack widths. Judging
from the present tests, this concern seems unfounded, but on
the other hand, the stirrups are far from yielding, and may !
therefore be expected to behave more or less like ordinary mild
steel stirrups.
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5.4 Effective shear depth

In Section 4.7, the ultimate locads were analysed using as shear
depth the internal moment lever arm z . As discussed in
Section 1.2 it might be more appropriate to use the quantities
hs or hw . In Table 5.4.1, the web effectiveness Vv and the
coefficient ©of variation & for the test series are given for
all three choices of shear depth. The guantities =z, hs, and
hw are defined on Figure 1.2.1, &n? the values are read from
Figure 2.2.2. N is the number of test results in each series. '
We note that the best agreement with the web crushing criterion,
judging by the coefficient of variation, is obtained with the

lowest value of shear depth. However, the difference can hard-
ly be said to be striking.

Shear depth n¥ =z h* =h_ h*=h_
Series N z v 8 hs v 8 h, v 8
(1nm) (%) (%) | (mm) (%) (%) ||(mm) (%) (%)
TS2 3 314 | 71.8 | 2.7 | 282 | 83.7 | 2.8 269 | 89.7 | 2.8
T60 15 314 | 71.8 | 5.7 | 282 | 81.6 | 6.0 269 | 86.6 | 6.2
790 18 314 | 75.0 | 8.9 | 282 | 83.8 | 8.7 269 | 87.9 | 8.6

T52-60~90 | 36 314 73.9 | 7.4 282 83.2 7.3 269 87.7 7.2

Td 4 314 £9.0 110.5 282 78.1 8.2 269 | 82.8 8.3

Tm 4 314 79.2 ] .5.4 287 88.8 | 4.6 269 96.8 4.1

Table 5.4.1: Web effectiveness and coefficient of
variation for different definitions
of effective shear depth.
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On Figures 5.4.7a and b, the test results for series T52,
Te0, and T90 combined (series T52-60-90) are plotted for h*=hS
and h* =hw , respectively. Comparing with Figure 5.2.7, we
note no difference between the three graphs, except that in
order to fit the experimental evidence, the web effectiveness
must be changed according to the shear depth (cf. the following
section).

Ancther indication of the effective shear depth may be ob-
tained from the observations of stirrup yield. In the preced-
ing section we found that the beams are overreinforced for
YUy where w1 is bounded by the limits 0.37 <y <0.43 .
According to the web crushing criterion, we have w1 =v/2 (cf.
Section 1.1), hence 0.74 <v <0.86 , the upper limit being the
most uncertain.

Comparing with Table 5.4.71, we deduce that the values h* =z
and h*==hw are just barely justified.

Thus neither the curve fitting nor the observations of stir-
rup yielding permit an exclusion of any of the three choices
of shear depth. Indications are that the value h¥=z is too
great and h""whW is too small, and that it would be more
correct to use the shear depth h¥ =h_ . i.e. the distance
between the bottom of the compression zone to the centroid of
the lowest layer of main reinforcing bars enclosed by the stir-
rups. However, until more decisive experimental evidence is
available, we must conclude that the choice of shear depth is
principally a matter of taste.
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5.5 Effective web strength

From Table 5.4.1 it appears that the apparent web effective~
ness is rather strongly dependent upon the choice of shear
depth. This means that if the latter is reduced, the web ef-
fectiveness should be increased almost proportionally in order
to yield the observed shear strength. As mentioned in the pre-
ceding section, the observations of stirrup yield indicate
that the web effectiveness of all the beams of series T is
greater than 74%.

The concentration of the web compression at the longitud-
inal bars, discussed in Section 1.2, might well be responsible
for the fact that the effective web strength is less than the
uniaxial compressive strength. In that case, the web effect-
iveness should be dependent upon stirrup layout and concrete
cover. As explained in Section 2.2, the pilot series Td and
Tm were included in order to shed light on this guestion, the
differences from the normal beams being that series T4 had
three bars supported by stirrup bends, rather than two, and
series Tm had only half the concrete cover. Consequently,
we would expect an increase in web effectiveness for series Td
and. a reduction for series Tm. From Table 5.4.1, however, it
appears to be the other way round.

The differences in web effectiveness observed may or may
not be significant. This question is investigated comparing
series Td and Tm with the rest of the bheams,series T52-60-90,
by the procedure used in Section 5.2. As before, the F-test
reveals that the variances are not significantly different at
the 95% level. The results of the t-test on the sample means
are listed in Table 5.5.1, using the same notations as in

Section 5.2.
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Table 5.5.1: t-test on sample means

Shear depth h* =2z n* = n¥*=n
s W
Series N t97'5 s 5.4 t12 s Sy0 t12 s Sq5 t12

Td 4 7.25 6.95 6.87 i
T52-60-90 | 36 2.03 5. 47 5.63 [1.65 6.07 6.14 | 1.58 6.31 6.36 1.46 |
t ;
T52-60-90 | 36| 5.47 6.07 6.31 }
Tm 4{ 2.03 4.28 5.39 [ 1.87 4.08 5.94 | 1.79 3.97 6.16| 2.80O |

al b}

Figure 5.5.1: Web failure

a) Possible failure mechanism
(normal section)

b) Web crushing idealized as
strip lcocad on prismatic con-
crete body.

(inclined section)
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From the table we note that the differences in web effective-
ness between series Td and T52-60-90 are not significant at the
95% level (t12 <t97_5). Series Tm is significantly if we put
h#* =hw , and almost so with h*=2z . If we explain the in-
crease in shear strength of series Tm by an increase in shear
depth by putting h¥ =hs , i.e. measuring the shear depth to
the lower layer of reinforcing bars, then the observed differ-
ence in web effectiveness is far from significant.

These results suggest that the failure is not a local
phenomenon at the longitudinal bars, but involves the entire
web; c¢f. the discussion in Section 5.1. The web failure
mechanism‘suggested by Figure 5.1.3 is shown on Figure 5.5.1a.
The existence of oblique failure planes would explain the
heavy crushing observed on the beam faces near the junction of
web and flange, cf. Figures 4.2.1e and 4.2.2. Thus a tent~-
ative conclusion is that irrespective of the stirrup arrange-
ment, the web strength is governed by the strength of the con-
crete body enclosed by the stirrups.

Adopting this point of view, the theoretical determination
of the web strength is reduced to a plane problem. We consider
a section parallel to the concrete struts, i.e. at the incli-

nation ¢ with the beam axis, and idealize the action of the
stirrups as a uniformly distributed strip load o oOver the
interior stirrup width bs (see Figure 5.5.1b).

Data on concentrated loads on concrete prisms have bheen com- i
piled by JENSEN [6] , who concludes that the stress on the
loaded area can be calculated by the formula (see also [71)

o]
g’z = 0.2+0.84 b
C

~

b_
s

where b is the part of the supported area (width) which is
symmetrical with respect te the centreline of bS . Hence the

web effectiveness is:
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For the normal beams bS = 152 mm and for series Tm
bS =176 mm (cf. Figures 2.2.2a and c). Hence:

B 152 152 ; _
v = 0.2 350 +0.8 00 = 0.152 +0.687 0.849
for the normal beams, and:
. 176 176 _ —
v = 0.2 560 +0.8 300 - 0.176 +0.750 = 0.926
for series Tm.
SHEAR STRENGTH TAU/SIGHAC RESULTS OF 044 SHERR TESTS
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Figure 5.5.2: Test results for all the beams of
series T (shear depth: h¥ = hs)
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Comparing these values with those of Tabkle 5.4.7, we note
that they lie between the cbserved web effectiveness corres-
ponding to h%=hs and h*=hw

From these considerations, two different provisional con-

clusions are possible:

1) The web effectiveness may safely be calculated by equation
(3), provided the depth hw of the web be used as shear
depth.

2) The web effectiveness is independent upon the reinforce-
ment arrangement. The depth hS may be used as shear
depth and the web effectiveness™determined experimentally.

Obviously there is a limit to the web width for which any of
these propositions is reasonable. Indeed, the conclusions will
have to be reviewed in the light of the subsequent test series
of the experimental programme.

On Figure 5.5.2, the results for all the beams of series T
are plotted together, with hS as shear depth. The web ef-
fectiveness is v =0.832 with a coefficient of variation
§=7.3% , the same as for series T52-60-90 alone ({(Table 5.4.1).
If the web effectiveness does not depend on the stirrup ar-
rangement, it must be governed by the limited deformability of
the concrete, cf. the discussion in Section 1.2. In that case,
we would expect the beams with the weakest concrete to have the
highest web effectiveness. Inspection of the results shows
that this is indeed the trend.

In Table 5.5.2, the 20 normal test beams failing in shear
are grouped according to the individual web effectiveness. The
centre column contains the beams where the strength of one shear
span was below and the other above average, i.e. the two points
are situated on either side of the curve on Figure 5.5.2. The
left and the right column are the beams with both points (or
the point in the case of only one shear failure) below or above
the curve, respectively. The table lists the corresponding
concrete strengths, and it appears that the highest strengths
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Below average Around average Above aﬁerage

Beam Number cc Beam Number Oc Beam Number o]
(kp/cmz) (xp/cm?) (kp/em?) E
T 6032 120 T 5218 105 T 5214 109
T 9025 | 128 T 6022 106 T 6005 108 :
T 9040 115 T 6025 104 T 6010 105 ;
T 9060 121 T 6029 108 T 6014 116 ‘
T 9047 129 T 6018 112
T 9071 111 T 9032 101 ;
T 9078 115 T 9036 107 :
T 9043 105 :
T 9065 102 :

Average 121 Average 111 Average 107

Table 5.5.2: Test results grouped according te individual web
effectiveness.
(shear depth: hn¥ =hs) .

are associated with the lowest web effectiveness, and vice ver-
sa. A closer analysis shows that the difference in average
concrete strength for the beams in the left and the right column
is highly significant.

The flexural failures (Beams Nos.T5222 and T9025) have not
been considered so far, but on Figure 5.5.2 it is noted that
Beam No.T9029, which had a very low concrete strength, must
have had a very high web effectiveness.

A theoretical prediction of the web strength would be most
satisfactory. On the othér hand, the web effectiveness for
beams of a reasonable design seems to be fairly constant. In
reference [3], the results of 153 shear tests reported in the
literature have been plotted together, using the internal mo-
ment lever arm as shear depth (h*=2) . The web effectiveness
is v=0.72 with a coefficient of variation of only 6%.
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SUMMARY

The present report describes shear tests on 26 simply supported
reinforced concrete beams which were loaded to failure in the
term 1973/74 at the Structural Research Laboratory of the
Technical University of Denmark. The test series is the first
part of a research programme, sponsored by the Danish Council
for Scientific and Technical Research. fThe test beams, with

a T-shaped cross-section, had a span of 3 m and were subjected
to two symmetrical point loads at a distance of 90 cm. The
shear reinforcement consisted of vertical stirrups. The prin-
cipal test variables were the amount of shear reinforcement
(16 diffe:ent values) and the strength of main reinforcement
(3 values). The concrete strength was attempted at a constant
value of approximately 11 MPa (110 kp/ecm?). A few pilot tests
with different stirrup arrangements were included. 2 of the
beams failed in flexion. For 20 beams, failure of both shear
spans were achieved by two tests.

The theoretical background for the test series is an anal-
ysis based upon the theory of plasticity, and described in
references [1]-[4]. The analysis is briefly summarized in
Chapter 1. The theoretical solution for the ultimate shear
load V is given by:

= * _<_ 1
v bh* sg 5y 1 for Sy £3V0, (1a)
vV = lbh*\)cr for s LN (1b)
2 c Y=—2""c

Here H

b iz +the web width,
h* is the effective shear depth,

s is the strength (yield force) of the stirrups
per unit area perpendicular to the stirrup
direction,

is the concrete cylinder strength,

is a web effectiveness factor
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The corresponding stress state and failure mechanism are
described in Section 1.1 (¢cf. Figure 1.1.1).

Equations (1) are termed the web crushing critericn, because
the ultimate load corresponds to the situation that the in-
¢lined web compression reaches the concrete strength limit. The
formulae contain two empirical parameters, viz. h¥* and wv.
h¥* is the dépth of the concrete body which is effective in the
resistance of shear stresses. The Danish Code of Practice,

DS 411, puts h*= z , 2z being the internal moment lever arm.
This value is used as the starting point by the analysis of the
test results. There are other alternatives, however, as in-
dicated in Section 1.2. v 1is a parameter which describes the
efficiency of the web concrete in resisting the inclined com-
pression. Presumably, v depends upon various factors, in-
cluding the reinforcement layout and the concrete deformability.

The object of the test series was to investigate the applic-
ability of the analysis described above. As mentioned in
Section 2.1, the purpose is laid down in the following points:

(1) To verify that the failure mechanism is a pure shear de-
formation, without any rotation of the beam end (cf.
Figure 1.1.1)

(2) To verify that the ultimate shear load is independent of
the strength of main reinforcement, provided the latter
is sufficient to ensure shear failure

(3) To verify that with sufficiently strong shear reinforce-
ment, the ultimate load is independent of the shear rein-
forcement degree (cf. equation (1b))

(4) To determine the shear depth h* and the web effective-~
ness v .

Chapter 2 further contains a description of the test beams,
their reinforcement, and their flexural capacities.
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The execution of the tests, including the testing of con-
crete and reinforcement, is described in Chapter 3. A fairly

thorough review of test procedure and equipment is given, since
these are used almost unchanged at the subsequent series of the
experimental programme. The actual beam testing differs from
usual shear tests by the fact that the rotation of one beam
end over the support is measured.

Chapter 4 describes the test results.  The ultimate loads
obtained are listed in Table 4.2.1. The numerical analysis of
the results, including the plotting of curves, is carried out
on electronical éomputer.

In Chapter 5 the conclusions of the test series are stated.

The principal points are as follows:

(1) The behaviour of the beams under loading to failure is
essentially as predicted. A marked decrease in the in-
clination of newly formed cracks is observed as the load
increases. The previous cracks are transformed into
yvield lines carrying shear. It turns out that yield
lines are formed in the concrete before the stirrups are
yielding. The failure mechanism is as assumed, at fail-
ure there is no rotation of the beam end. A cutting
through of two beams after failure shows, rather sur-
prisingly, that the cracks appearing on the beam faces
do not penetrate the web. It seems that the web failure
occurs along planes that are not perpendicular to the

plane of the beam.

(2) No significant difference is observed between the ultim-
ate shear loads of beams with different strengths of main
reinforcement. Two of the beams had yielding in the
bending span, with no apparent influence upon shear

strength.

(3) Four beams with very strong stirrup reinforcement
(sY >%oc) achieved approximately identical ultimate
loads. In other respects, the behaviour of these beams

was essentially the same as of the rest.
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An analysis of the test results to determine the shear
depth h* does not permit a rejection of the value h¥*=z,
although it seems a bit on the high side. The web ef-
fectiveness giving closest fit to the test results is
highly dependent upon the choice of h¥. With h¥ =1z we
get v = 0.74 with a coefficient of variation of 7.4%.
A calculation of v based upon analysis of concentrated
loads on concrete prisms yields values that are two great,
unless a smaller shear depth is used. The pilot tests

do not show any major influence of the reinforcement lay-
out. However, there is a significant decrease of v

with increasing concrete strength.
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DANSK RESUME

Den foreliggende rapport beskriver forskydningsforsgg med 26
simpelt understgttede jernbetonbjzlker, som blev udfgrt i aret
1973/74 p& Afdelingen for Barende Konstruktioner ved Danmarks
tekniske Hpjskole. Forsggsserien udgegr fgrste del af et tre-
&rigt forskningsprojekt med stgtte fra Statens teknisk-viden~
skabelige Forskningsrid. Forsggsbjalkerne spandte 3 m, havde
T-formet tvarsnit og belastedes med to symmetriske enkeltkraf-
ter med afstanden 90 cm. Som forskydningsarmering benyttedes
lodrette bejler. Ved forsggene varieredes forskydningsarme—
ringsintensiteten (16 forskellige verdier) og styrken af hoved-
armeringeﬁ (3 verdier), mens betonstyrken sggtes holdt konstant
pad en vardi af ca 11 MPa (110 kp/cmz). Der blev udfgrt enkel-
te vejledende forspg med forskellige bgjlearrangementer. To
af bjazlkerne fik bgjningsbrud. For 20 bjelker opniedes brud i
begge forskydningsfag ved udfgrelse af to forsgg.

Den teoretiske baggrund for forsggsserien er en beregnings-—
model baseret pd plasticitetsteorien. Modellen er kort beskre-
vet i Kapitel 1, men i ¢gvrigt henvises til referencerne [1]-
[4]. Den.plasticitetsteoretiske lpsning for forskydningsbare-
evnen V er givet ved:

/33;____ 1

_ 3* - _—

vV = bh SY\'15; 1 for Sy 23 Vo, (1a)
v o= len*vo for Sy, > 1o (1b)

2 c Y - 2 c

Her er:
b : Bi®lkens kropbredde
h*® : Bjalkens forskydningshgjde

s : Styrken (flydekraften) af bgjlerne pr areal-
enhed af et snit vinkelret pd bgjleretningen

a : Betonens cylinderstyrke
v : Effektivitetsfaktor for bjalkekroppen
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Den til lgsningen hgrende spandingstilstand og brudmekanis-
me er beskrevet i Afsnit 1.1 (se Figur 1.1.1).

Ligningerne (1) benavnes trykbrudskriteriet, fordi bareev-
nen anses at vare udtgmt, ndr og fgrst ndr det skrid betontryk
i bjelkekroppen overstiger betonens styrke. Formlerne inde-
holder to empiriske parametre, nemlig h* og v . h¥ er hgj-
den af det betonlegeme, som kan regnes effektivt ved optagelse
af forskydningsspendingerne. Den danske betonnorm, DS 411,
regner h¥ =z , hvor 2z er bjzlkens indre momentarm, og det
er den vardi, som benyttes som udgangspunkt ved behandling af
fors¢ggsresultaterne. Som angivet i Afsnit 1.2, kan der imid-
lertid tankes andre muligheder. v er en parameter, som be-
skriver, hvor effektiv bjalkekroppen er til optagelse af det
skra betontryk. v md forudses at afhange af en rakke fakto-
rer, herunder armeringsarrangementet og betonens flydeevne.

Hensigten med forsggsserien var at undersgge anvendelighe-
den af ovennavnte beregningsmodel. Som navnt i Afsnit 2.1, er
formdlet udmgntet i fplgende punkter:

(1) Verifikation af at brudmekanismen er en ren forskydningsm
deformation uden rotation af bjelkeenden (sml. Figur
1.1.1).

(2) Verifikation af at forskydningsbareevnen er uafhengig af
hovedarmeringens styrke, forudsat at denne er tilstrakke-
lig til at sikre forskydningsbrud.

(3) Verifikation af at ndr forskydningsarmeringen er tile
straekkelig sterk, er bareevnen uafhangig af forskydnings-
armeringsgraden (sml. ligning (1b)).

(4) Bestemmelse af forskydningshgjden h* og effektivitets-—
koefficienten v .

Kapitel 2 indeholder desuden en beskrivelse af forsggsbijael-
kerne, deres armering og bg¢jningsstyrker.

Forsggenes udfgrelse, herunder pr¢vning af beton og arme-
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ring, er beskrevet i Kapitel 3. Der er givet en temmelig grun-
dig gennemgang af mdleudstyr og forsggsprocedure, idet disse
benyttes nogenlunde uzndret ved de fglgende serier i forsggs-
programmet. Selve bjalkeprgvningen adskiller =ig fra sadvan=-
lige forskydningsforsgy derved, at der er foretaget milinger
af den ene bjzlkeendes rotation over understgtningen.

Kapitel 4 beskriver forsggsresultaterne. De fundne brud-
laste er opfgrt.i Tabel 4.2.1. Den numeriske behandling af re-
sultaterne, hefunder optegning af kurver, er foretaget pa data-
mat. .

I Kapitel 5 er konklusionerne af forsggsserien gennemgaet.
Hovedindholdet er som fglger:

(1) Bj@lkernes opfgrsel under belastning til brud er stort
set som antaget. Der konstateres en tydelig formindskel-
se af de nydannede revners heldning, ndr belastningen

’ vokser. De &ldre revner omdannes til brudlinier, som
overfgrer forskydningsspzndinger. Det viser sig, at der
dannes brudlinier i betonen, fgr der er flydning i bgj-
lerne. Brudmekanismen er som forudsat; ved brud sker
der ingen rotation af bjzlkeenden. En gennemskaring af
to bjzlker efter brud viser temmelig overraskende, at de
revner, der ses p& bjzlkens sider, ikke forplanter sig
igennem kroppen. Derimod synes det, som om bruddet i
bijzlkekroppen sker langs planer, som ikke er vinkelret pd
bjzlkens plan.

(2) Der konstateres ingen signifikant forskel pd forskydnings-
bazreevnerne af bijzlker med forskellige styrker af hoved-
armeringen. To af bjzlkerne opnidede flydning i bginings-—
faget, hvilket tilsyneladende ikke pavirkede forskydnings-—
styrken.

(3) Fire bj=zlker med meget kraftig bpjlearmering (s, » %GC)
opndede stort set samme brudlast. I gvrigt var opfors—
len af disse bj®lker ikke vasensforskellig fra restens.

|
H
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En behandling af forsggsresultaterne med henblik p& en
bestemmelse af forskydningshgjdén h* giver ikke grund-
lag for at afvise vardien h¥* =z , omend den synes at
vere noget i overkanten. Den effektivitetsfaktor v ,
som stemmer bedst med forsggsresultaterne, er starkt af-
hengig af valget af h¥. Med h¥=z f£f&s v=0.74 med
en vafiationskoefficient pé 7.4%. En beregning af v

P& grundlag af en analyse af koncentrerede belastninger

P& betonprismer giver verdier, scm er for store, medmindre

man anvender en mindre forskydningshgjde. De vejledende

forsgg tyder ikke pd, at armeringsarrangementet har nogen

stgrre indflydelse p4& v . Derimod er der en tydelig
tendens til, at v aftager med voksende betonstyrke.
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