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SUMMARY

The paper reports on 40 static tests and 7 fatigue tests on simp-
- ly supported T-beams subjected to symmetrical two-point loading.
The webs were reinforced with stirrups,generally vertical stir-

rups. .

‘The purpose of the static tests was, besides to confirm the results
of the previous test series reported in [76.1], to investigate

the dependence of the web effectiveness factor v on the differ-
ent parameters, among these the reinforcement details, the width

of the beam web, and the concrete strength.

The main purpose of the fatigue tests was to determine the fatigue
strength of beams with shear reinforcement designed in accordance
with the web crushing criterion for the loading gap Vmin::15 kN
and Vmax:=the service load (50%-60% of the ultimate load).

The principal conclusions drawn from the tests are as follows:

~ The results are generally in good agreement with the web
crushing criterion, (eq. (1.1)-(1.2)). The best correspon-
dance between test results and the theory are obtained for
v =0.70 when all tests are considered. For the individual
test series the closest fit are obtained with the v-values
in the interval 0.58 <v<0.83

4

- The dependences of v on the concrete strength and the con-
crete cover were found to be significant. The best empirical
model for Vv was

.
- __< - e
Vo= 1.11(0.8 - 5551 (1.0 - 1.2 ) (1)

where 0o+ © and b are the concrete strength, concrete cover
.and width of beam web, respectively. However, when test re-
sults from other laboratories are included, the more simple
model

Vo= 0.8 == (2)



are producing results quite as good as (1), why this model is
recommended for practical use,

The fatigue tests showed that with a maximum load not'éxceed—
ing 56% of the ultimate load, 2-10° pulsations did not lead

to -shear failure. A statical test after the 2-10%-pulsations
did not show any reduction of the load carrying capacity.



RESUME

Rapporten omhandler 40 statiske forsgg og 7 udmattelsesforsgg med
simpelt understgtede T-bjzlker belastet med de symmetrisk anbrag-
te enkeltkrafter. Bjalkerne var forsynet med forskydningsarme-
ring, i almindelighed i form af lodrette bgjler.

Formilet med de statiske forsgg var - udover at bekrafte resulta-
terne af tidligere forsggsserier rapporteret i [76.1] - at under-
sgge effektivitetsfaktoren V's afhazngighed af forskellige para-
metre, bl.a. armeringsdetaljer, kropbredde og betonstyrke.

Udmattelsesforsggenes hovedform8l var at bestemme udmattelsesstyr-
ken af bjzlker med en forskydningsarmering dimensioneret efter
trykbrudskriteriet for spandingsgabet Vmin==15 kN og Vmax =
brugslasten (dvs. 50-60% af brudlasten).

P& basis af forsggsresultaterne kan drages fglgende hovedkonklu-

‘sioner:

- Resultaterne er i god}overensstemmelse med trykbrudskriteriet
(ligning (1.1) - (1.2)). Den bedste overensstemmelse mellem
forsgg og teori opnds med v =0.70 , ndr alle forsggsresulta-
ter betragtes. TFor de enkelte forsggsserier opnas den bedste
overensstemmelse med v-vardier , der varierer inden for in-
tervallet 0.58 <v <0.83,

- Variation i effektivitetsfaktoren med betonstyrken og beton-
daklaget fandtes at vare signifikant. Den bedste empiriske

model for v som funktion af disse parametre var

g
C

200

y(1.0-1.2 5 (1)

v =1.11 (0.8 5

hvor Ogr € 09 b angiver henholdsvis betonstyrken, betondak-
lagets tykkelse og kropbredden. Medtages imidlertid resulta-
ter fra andre laboratorier, giver den simplere model

Q

v =10.8 - 5= (2)



mindst lige s& gode resultater som (1). Denne model anbefa-
les derfor ved praktiske anvendelser,

.Udmattelsesforsggene viste, at med en maksimum;ast ,Vmax
mindre end 56% af brudlasten forer 2~106—pulsation ikke til
forskydningsbrud. . Et statisk forsgg efter 2+10°-pulsationer

forte ikke til nogen reduktion i forskydningsbareevnen.
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INTRODUCTION

Dating back to the Spring of 1973, a theoretical and experimental
study of the shear strength of reinforced concrete beams has been
carried out at the Structural Research Laboratory of the Techni-
cal University of Demmark. The project was sponsored by the Danish
Council for Scientific and Technical Research which granted funds

for three years of experimental investigation.

The main purpose of this test programme was to study an exnression
for the ultimate shear load based upon plastic analysis. The theory.
was originally proposed by Nielsen [67-11, [67-2] as a lower bound
for the load-carrying capacity when web failure is critical. Later
it was shown, Nielsen & Brastrup [75-1], that the web crushing
criterion is also an upper bound, thus establishing it as the

correct plastic solution for the shear strength.

The first test series of this programme, the series T, consisting
of 26 beams, is reported in Brastrup et al. [76-1]. The purpose
of the present paper is to report on the test series V, U, X, B
and S, which include static tests with 40 beams and fatigue tests
with 7 beams.

The report [76-1] contains a rather detailed description of the
test procedure and equipment. In the present report, only the
most essential information concerning these points is repeated.
For further details, the reader is referred to [76-1].

The laboratory reports, photographs and computer output, corres-
ponding to the individual beams, are filed at the Laboratory in
unpublished appendices.
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NOTATIONS

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

a o o o

:  Web width
s : Interior width of stirrup hoops
° : Flange width
: Diameter of tensile reinforcement
e : Concrete cover
ES : Elastic force-strain modulué for steel bar
h :  Beam depth '
hS : Depth of web fromvthe bottom of flange to the centroid
: of lower 1aygr of main reinforcement
hw : Depth of web»meaéured from bottom:of flange to the cen-
troia of main reinforcement
hO : Flange depth
h* : Effective shear depth

k,],k2 : Constants
N : Number of tests in a series (sample)
n : Number of tensile reinforcement bars supported by stir-

rup bends

n :  Number of pulsations

Pa : Force in stirrups

Py : Yield force of stirrups

s : Equivalent stirrup stress. Standard deviation based

upon (N-1) degrees of freedom

s, : Equivalent stirrup yield stress
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v : Applied shear load

VCr :  Shear cracking load

VF : Flexural failure load

Vu ¢ Ultimate shear load

z : Internal moment lever arm

o : Stirrup inclination

B : Stress concentration factor

0 : Inclination of yield lines

v : Web effectiveness ratio

v : Average web effectiveness factor of a test series
Oy : Compressive concrete strength

O¢ : Compressive concrete cylinder strength

cé : Effective web strength

Oy : Tensile concrete strength

o, ¢ Maximum stress in stirrup during pulsationb
0; : Yield stress of stirrup steel

T : Nominal shear stress of beam

P : Mechanical degree of shear reinforcement
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1. THEORETICAL BACKGROUND

1.1 The Web Crushing Criterion

The theoretical background for the test series is an analysis
based upon the theory of plasticity. The theory is described in
the references [67-11, [75-11, [77-11, [78-11, [78-2]. Omnly the
solutions for simply supported beams with concentrated loads are
given here.

The load-carrying capacity of beams with vertical stirrups is

given by the web. crushing criterion

—
* 9 ; 1 * (1.1a)
V.= bh s¢ V5.~ 1 for Sy < 5 04
v
V = 1 ph*ox for s. > % o ' (1.1b)
2 c y =2 ¢ .

Here:

\Y is the applied shear force.
b is the width of the web.
h is the effective shear depth.
s is the equivalent reinforcement strength, i.e. the stress
equal to the yield force in the stirrups per unit area
perpendicular to the stirrups.
(o] ii the effective compressive strength of the concrete.
O, = V0. i
is the cylinder strength.
is the web effectiveness parameter. .

The equations (1) may be stated on non-dimensional form as

/0, = AV -0 b < v/2 : (1.2a)

T/0y = V/2 P> v/2 » (1.2b)
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where we have introduced the nominal shear stress T and -the me-

chanical shear reinforcement degree y:

T'“V ’ Yy =

- bh¥*

The load-carrying capacity of beams with inclined stirrups, on

non-dimensional form, is given by the web crushing criterion:

T/Oc = J;sinz o {v =y sin2 a). + ¥ cos o sin a ,
2 1 _ (1.3a)
Y sin” o < 5 v(1 + cos a)
1 o L2 1

T/Oc =5 Voot , Y sin” o > 3 v(1 + cos o) (1.3b)
a is the stirrup inclination.
1.2 Effective Concrete Strength
In order to be able to use the equations (1.1)-(1.3) for analysis

and design, we need to assess the values of the quantities v
and h*. ‘ )

‘Thére are two main reasons why the web effectiveness ratio v
must be less than unity. Firstly, because of the limited deform-
ability of the concrete and the unstable nature of the concrete
failure, we cannot expect the concrete stress to equal the maxi-
mum compressive strength at all points of the yield lines at
failure. Secondly, the fact that the compression is applied to
the web concrete through the longtitudinal bars. This concentrat-
ion of the load leads to failure of the concrete at a stress
level which, as an average over the web, is less than the cylin-
der strength.

There are probably several other minor reasons. For instance,
the web strength might also depend on the stirrup spacing in the
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longitudinal direction. Furthermore, the effective strength of
the web decreases because of cracks developed in early loading

stages and having another direction than.the final cracks.

An assessment of the web effectiveness parameter v, by comparing
"'the formulas for the load=-carrying capacity with experimental re-
sults from shear tests, is influenced by the choice of effective
shear depth h*. The deptﬁ h* is the distance between the tension
and compressibn stringers. For T - beams, we may take tﬁe latter
as being identical to the compression flange, but even so, there
are a number of ways of defining the shear depth, as illustrated
in Fig. 1.1. 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.

bo ‘ —

—x

71

T | )l

b

Fig; 1.1 Illustration of effective shear depth
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2. TEST PLANNING

2.1 Results of Series T

The results of the first test series (series T) in this test pro-
gramme are reported in [76.1]. The principal results of this series

are summarized below:

1. = The behaviour of the beams under loading to failure is
essentially as predicted by the theory. A marked decrease
in the inclination of newly formed cracks is observed as the
load increases. At yield, the deformation consists of a ver-
tical translation of the load section relative to the support
section. '

2. No significant difference is observed between the ultimate
shear load of beams with different strength of main rein-
forcement.

3. Beams with very strong stirrup reinforcement, y > 1/2 v,
achieved approximately identical ultimate loads.

4. An analysis éhows that h* = z is a reasonable choice. With
this choice, the web effectiveness parameter giving closest
fit to the test results is v = 0,74 (the coefficient of
variation is 7,4%, see Fig. 2.1).

The result that v does not depend on the yield strength of the
main reinforcement is utilized in.the planning of the tests
described in this report. The yield strength of the main rein-
forcement is not considered an influential parameter, i.e. this
parameter can be varied at the same time as a presumed influ-
ential -parameter (e.g. the diameter of the main reinforcement is
varied).

The choice of h* is not discussed further in this report. With
reference to the results of series T, h* is always taken as being
equal to the internal moment lever arm z in the following.
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T/oc
60
A
) (o)
40 o — ——o
| 567 20 | °° . :
o
o POINT LOADING SHEAR
FAILURE
APOINT LOADING, FLEX-
0 URAL FAILURE
0 20 40 60 80.

Fig. 2.1 Test results. for series T52, T60,
and T90 (shear depth = h* = z)

2.2 Purpose of the Tests.

The main purposes of the test series considered in this report

were:

1. To confirm the results of the previous test series reported
in [76.1]. '

2. 'To investigate the hypothesis that v is less than unity -
because of the stress concentration above the tensile
“reinforcing bars by determining the dependence of v on
a) the main reinforcement details (i.e. diameter of bars,

concrete cover and stirrup layout), b) the width of the
beam web. ' .

3. To obtain an indication of the influence of the concrete

l,stfength.and stirrdp inclinétion by‘means of a few piléf
tosts. . . . L Co
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4, To test the fatigue strength of beams with shear reinforcement

designed in accordance with the web crushing criterion.

2.3 Test Beanms.

Each beam is denoted by a beam number, e.g. U6007c, consisting

of a series identification (the letters); a specimen number which
furnishes information on the nominal yield' strength of the main
reinforcing bars in kp/mm2 (first two digits) and nominal shear

reinforcement degree Y in 10—2v(thé last two digits).

The data of the individual beams is given in Table 2.1, Fig. 2.2
and Fig. 2.3.

Table 2.1 contains all the information concerning the type and
amount of shear and main reinforcement, the reinforcement details
and sectional geometry, the nominal concrete strength and the
nominal flexural failure léad.

Fig. 2.2a-1 shows normal sections and Fig. 2.3 the elevation

of the test beams.

The characteristic data of the beams in a series can be found
in Table 2.1 and in Fig. 2.2, but is more cleérly shown in
Table 2.2. i )

' Aé Gan be seen from the table, and as mentioned in Sec. 2.2, the
purpose of these test series was to investigate the influence on
the shear capacity of different parameters and among. these the
reinforcement details. The point was. further studied by a few
pilot tests collected in series SPB, consisting of ,the beams with
Nos. 5617c, R4251, R5651t and U5604p.

In the beam No. U5617c, the tensile réinforcement’was'nbt placed
in the stirrup bends (see Fig.2.2i).

Beam No.R4251 had a steel plate as tensile reihfo#cément with the
stirrups welded to the plate (Fig. 2.2k and Fig. 2.4). Because of
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the welding, the stirrups were placed singly at close intervals
(a=52.5 mm).

Beam No. R5651t, with an ordinary tensile reinforcement and with

shear reinforcement as R4251, served as a reference beam.

‘The last beam of series SPB was planned as a beam belonging to the
series of fatigue tests (see Section 6), but since 2 + 10°© pulsa-
‘tion did not destroy the beam, it was subjected to a static test

- to study the influence of the pulsations on the static behaviour
of the beam.

The nominal shear reinforcement for the beams in the individual
series is marked on Fig.2.5 where the maximum shear stress (i.e.

the shear stress‘corresponding to the nominal flexural failﬁre load)
and the shear strength calculated from equation (1.2) on the basis

of expected v-values are also indicated.
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Series Beam Stirrup Nominal Tensile reinforcement|Compress.reinforcem.|Rein- Geometry of cro.ss—secf.ion Nominal
No. rein- concrete | Number | Diam | Steel |Number| Diam | Steel |force- in mm {see fig.2.2) flexural
forcement [strength | of bars; qual- [of bars quali-|ment
ity ty (detaiél.s
see
MPa (mm) {mm} 5.2 191 b a dy z Py (k)
W .
v [V6002 E1286/210 | 550 4 25 | sks60 12 | rxea2 | a {200 | 343 | ;1 | 298 162
V6004 E | 2R6/131
w
U6002 E |R6/210
w
U6004 E | 2R6/210
N w
U6007 E | 2R6/131
v W 20.0 4 25 | skse0 12 | FxF42 a 200 | 343 [ 31 298 350
U6010 E | 2R6/96
W
UB017 E [ 2R10/175 -
W
U6025 E | 2R10/105
w
U6007¢E | 2R6/131
w |-
UG010CE | 2R6/96
w
U6013cE | 2R6/96
w . .
U |UBOI7eE | 2R10/175 | 20.0 4 25 | sKs60 12 FKF42{ b 200 | 343 [ 31 298 350,
. W . N
UGO023cE | 2R10/131
W
U6029¢E | 2R10/105
W
U6044¢E | 2510/117
W
UB007HE | 2R6/131
w
v, |veotone | 2r6/96 20.0 4 25 | skseo 12 FkFa2l - c 200 | 343 | 31 298 350
- w
UB017hE | 2R10/175
W
U4213zE | 2R10/210
A . w
V4222gE | 2R10/117 ! . .
U W 20,0 4 35 | FrF42 12 FKP42] 4 200 | 340 | 31 295 476
™ 1u4230aE | 2510/175
U4244mE | 2510/117
W B
X6009 E | 2R6/210 e 358 313 172
w e
X6018 E | 2R6/105 £ 353 308 229
X W 10,0 8 12 SKS90 12 FKF42| e 200 . 31
X9032 E | 2R10/175 £ 349 304 285
W £
X9043 E{ 2R10/131 e 349 304 285
W T
B6009 E | 2R7/175 8 SKS60 16 | skse0 g 33 250
w .
B9018 E | 2R10/150 6 SKS90 12 | Frea2 1 3 300
L
BY02S E | 2R10/105 6 SKS90 12 | FF42 gt 31 300
B W 10,0 16 2 380 | 354 309
B9025aE | 2R10/105 8 SKS90 16 | sKs60 g 33 413
W g .
B9029 E | 2R10/89 8 SKS90 16 | sKkseo h 33 a3
w g
89040 E | 2510/131 ° sxg90 3! 16 | ske60| h 33 413
2R10/175
US6174E [ R10/87.5 | 20.0 4 25 | sKks56 12 | Fxra2 i us | 3 300 328
W
US604pE | 2R6/210 20.0 4 16 | sKs56 12 | Fke42 a 345 | 3t 300 328
seB W 200
R4251 E |R10/52.5 | 10.0 see £1g.2.3 k 16 | skss2 k 359 | 33 314 340
W
R5651tE | R10/52,5 | 10.0 8 16_| sks56 16 | sks52 3 359 | 33 314 278
W
s9013 £ |2r7/210% 8 FKF42 1 249
w
59039 E 2810/1314) 10 FLF42 1 310
s W 4 10.0 12 | SKS90 16 200 33 310
59040 E [2R10/131 10 SKs52 H 310
W
59050 E |2r10/105% 10 skss2 | 1 310
W
US604pE | 2R6/210 20.0 4 16 | SKsSé a 345 328
I W | 2r7/210 .
USE06pE ['R7/105 20.0 4 25 | sKs56 a 345 N 328
W | 2R7/210
US606qE | R7/105 20.0 4 25 | SKsS6 a 345 328
W { 2rR7/210
PT |US606rE | R7/105 20.0 4 25 | sKSS6 12 | Fre42 a 200 | 345 | 31 300 328
W | 2r7/210
US606sE |R7/105 20.0 4 25 | skss6 a 345 328
w
US610pE | 2R6/96 20.0 4 25 | sKkss6 a 345 328
w
T6007pE | R7/210 10.0 6 16 | sks60 3 . 354 290
1) The tensile reinforcement was only 6 K16
2) The tensile reinforcement was curtailed just before the support in EAST
3) 5 bars in the bottom layer
4} 45°-inclined stirrups
Table 2.1 bata of test beams
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Fig. 2.3 Elevation of test beam. Variable
shear reinforcement not shown.

Fig. 2.4 Reinforcemgnt details of Beam No.

o .R4A251. ¢
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Stirrup Nominal Diameter of Concrete| Beam Stirrup
Serie arrangement | concrete strength| tensile reinf. cover | width }inclination
o (MPa) 4 (mm) e (mm) { b(mm} a(0)
v U 35,0 25 24 200 90
U - u " 20.0 25 24 200 %0
ve | I u 20.0 25 50 200 90
uh l U u l ' 20.0 25 50 200 %0
um |Ul 20.0 35. S 12 200 90
X k. Od
] 10.0 12 24 200 20
xa | kb dd)
L]
B :._._:_J
10.0 16 24 " 380 90
= | |CEdI)
s ees 10.0 i2 24 200 45
upe* UI 20.0 ‘25 24 200 90
Table 2.2 _Series characteristics
Yo, k S o
: v=0,74
0‘3 ] /‘ - /O'C :.0. 29
B T
v B
[NV o .
0.2} 1/ o shear failure expected
! + flexural failure expected
011
|
I .
24710 17 25

¢x103

Fig. 2.5a Expected étrength. Series V and U
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_— ——v=074
v=0.58
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- shear failure expected
» flexural faiture expected

7101317 $ %100

Fig. 2.5b Expected strength. Series Uc and Uh
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i
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0.3k :/%/ ! | X Tmax/Tc Of series X
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Fig. 2.5c Expected strength. Series Um and X

v =0.74
——~Tmax/0¢ = 0.35

== Tmax /O, = 0.25

- shear failure expected
" . flexura! failure expected

9 18 2529 40 Px100

Fig. 2.5d Expected strength. Series B. (Since B9018
and B9025 had flexural failure, the flex-—
ural strength of the other beams in the
series was improved).
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3. TEST EXECUTION

3.1 Manufacture and Curing

The steel for the main reinforcement was hot-rolled, deformed
bars of Swedish fabrication ( SKS52, SKS60 and SKS90) or Danish
fabrication (FKF42).

Most beams had shear reinforcement of mild steel (85t37) in
smooth bars with a diameter of 6 mm (R&), 7 mm (R7) or 10 mm
(R10}. A few beams with strong shear reinforcement had stirrups
of cold-drawn Swedish steel (Ss50), in smooth bars with a diame-
ter of 10 mm (S10).

The exact amount and typé of reinforcement in every beam is given
in Table 2.1. '

" The individual bars, delivered invlengths of 8 to 14 m were
numbered and distributed in the test beams. A table of the distri-
bution of the bars in the beams is to be found in Appendix A.

As flange reinforcement and as stirrups'in the anchorage zones
and in the bending span,‘smooth} mild steel with;é_diameter of
8 mm was used. The amount of this reinforcement is shown in
Fig. 2.3. Design of the flange‘reinforcement is included in
[76.11, sec. 2.4. ’

The beams were-cast'ih steel moulds together with 9 - 12 com-
panion cylinders.

Three batches (four‘batches-forﬁseries B) of concrete were used
for each beam. The composition of the batches of each beam is
given in Table 3.1, together with the averaée strength of the
cylinders from the batch and the number of days from casting to
testing.

The cement was portland cement, type "rapid". The aggregate was
sea material. Typical grading curves for gravel (0 - 8 mm) and

stone (8 - 32 mm) are shown in Fig. 3.1.
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Table

Beam Water Cement Gravel Stone Concrete Number of days
No. kg kg kg kg Strength from curing to
ac(MPa) testing
V6002 344 54.7 156 209 35.7 14
V6004 344 54.7 156 209 36.4 14
U6002 34.4 32.0 139 245 19.6 14
us00d 35.4 33.0 143 253 211 A4
U007 34.9 2.5 184 206 14.7 14
u6Q10 34.9 32.5 184 206 16.5 21
6017 34.9 32.5 184 206 20.1 28
U6025 34.5 36.2 183 204 20.2 14
U6007¢c 4.9 32.5 184 208 18.3 14
V6010¢c 3.5 33.5 185 207 19.3 14
V6013c 34.9 32.5 184 206 12.4 14
U60t7c 34.5 36.2 183 204 18.4 14
06023¢c 34.5 36.2 183 204 17.2 28
u6029¢ 34.5 36.2 .183 204 20.0 - 28
U6044c 34.5 36.2 183 204 15.0 14
U6007h 33.9 32.5 184 206 15.5 14
U6010h 33.5 33.5 18% 207 17.9 17
U6017h 34.5 36.2 183 204 20.3 14
U4213m 34.5 36.2 183 204 4.2 14
v4222m 34.5 36.2 183 204 15.7 4
U4230m 34.5 36.2 183 204 16.8 14
U4244m 34.5 36.2 183 204 16.5 14
X6009 34.4 27.2 193 194 7.3 14
?‘5018 34.4 28.0 193 194 9.4 14
X9032 34.}1 28.0 193 194 8.5 14
%9043 34.4 28.0 193 194 8.3 14
B6009 35.0 29.0 199 200 |50 0 e 14
83018 35.0 2950 199 200 10.1 15
89025 35.0 29.0 199 200 11.0 14
B9025a 35.0 29.0 199 200 12.3 14
89029 35.0 28.5 199 200 | 1000 27 19
B904o 35.0 28.5 199 200 |03 23T oe 21
Us6174 33.7 36.5 185 206 | 4,0 2008 1F 174 15
" useoap 33.0 36.8 181 202 Iz 3
Ra251 35.0 29.0 199 200 -8 18
R5651 35.0 30.0 199 200 23
59013 35.0 29.0 199 200 [T 340 85 15
59039 35.0 30.0 199 200 MRS 20
59040 35.0 29.0 199 200 16
59050 35.0 29.0 199 200 28
U5604p 33.0 36.8 181 202 »
V5606p 34.0 36.5 185 206 14
U5606q 4.0 36.0 185 206 35
U5606r 34.0 36.5 185 206 30
US6065 34.0 36.5 185 206 | L 29-2ITT8.8 30
U5610p 33.6 32.6 182 203 7.4 21
T6007p 34 27.5 193 194 13.5 32
3.1 Recipe
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Square mesh size

Fig. 3.1 Grading curves for fine and coarse
aggregate.

The concrete of the beamVWas coﬁpacred'by compressed air yibra-
tors, whereas the cyllnder moulds were fixed to a v1brat1ng table.
Beams and cyllnders were cured together over a peériod of four days
under wet burlap sacks at a temperature of approximately 20°C. The
moulds were stripped two days after casting. Testing usually took
place after 14 days (see Table 3.1).

The value for the concrete strength in Table 3.1 'is to be under-
stood as follows: The values with indication I to IV are the
average strength of cylinde¥s from the 1st., 2nd., 3rd. and 4th
batches respectively. No 1nd1cat10n or the indication x, means

that the cylinders were fllled 1/4 (1/3) from each batch.

In the latter case, concrete in the shear zones is blended in the
same way.,In the first case, only concrete from one batch (usually

the flrst) is placed in the shear zones.
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3.2 Testing of Concrete

The concrete cylinders with a length of 300 mm and diameter 150 mm
were tested in a 2000 kN compression test machine. Discs of soft
fibreboard were placed between the specimen and the test machine.

The rate of loading during compression tests corresponded to
approximately 1,5 MPa per minute.

+

Test results are given in Table 3.2.

The tensile strength was determined by split cylinder tests on
four or five cylinders per beam.

3.3 Testing of Stirrup Reinforcement

The specimens were tested in a MOHR - FEDERHAFF 600 kN tension
macHine. The rate of loading to yield was approximately 200 N/sec.,
500 N/sec. and 500 N/sec. for R6 - 7, R10 and S10 respectively.

On the bBasis of these test results, all given in Appendix A,
the average stirrup strength, P&, and the average force - strain
modulus, Es, can be found for each shear span. (See Table 3.3).

3.4. Testing of Longitudinal Reinforcement

_The specimens of the longitudinal reinforcement were also tested
in the MOHR - FEDERHAFF 600 kN tension machine. The rate of load-

ing corresponded to 10 MPa per second.
‘All test.results are collected in Appendix A.

~Because of the small scatter, the longitudinal steel was not
ytested(systematically. Only 5 to 15 tests were performed for each
steel quality. The averagé values and scatter for each sfeel
quality are given in Table 3.4. ' '
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Beam Compression tests Tension tests

No. N o, (MPa) s (MPa) N o (MPa)| s (MPa)
V6002 5 35.7 0.81 5 3.0 6.25
V6004 5 36.4 0.68 5 3.5 0.68
U6002 5 19.5 0.64 3 1.8 0.52
U6004 5 21.1 0.18 5 2.3- 0.19
6007 5 14.7 0.26 5 1.6 0.29
6010 5 16.5 0.87 ) 1.8 0.16
U6017 5 20.1 0.32 4 2.1 0.27
U6025 5 20.2 0.91 5 2.4 0.21
U6007c 5 18.3 0.87 5 1.8 0.29
Us010¢ 5 19.3 1.10 5 2.1 0.35
V6013c 5 12.4 0.97 5 1.3 0.17
u6017¢c 5 18.4 0.81 5 2.2 0.28
U6023c | S 17.2 1.14 5 1.6 0.16
U6029¢ 5 20.0 0,51 5 1.8 0.22
U6044c 5 15.1 0.47 5 1.6 0.24
U6007h s 15.5 0.96 5 1.7 0.12
U6010h 5 17.9 0.48 5 1.9 10.23
U6017h 5 20.3 0.83 5 2.1 0.09,
U4213m 5 14.2 0.60 5 1.5 0.15
U4222m 5 15.8 1.39 4 1.7 0.3%
U4230m 5 16.8 0.84 5 1.6 0.25
U4244m 5 16.5 0.61 5 1.6 0.16
X6009 5 7.3 0.50 4 0.9 0,08
X6018 5 9.4 0.44 5 1.3 0.05
X9032 5 8.5 0.63 5 0.9 0.11
X9043 5 8.2 0.29 5 0.9 8.09
BY009 12 10.7 1.04

B9018 5 10.1 0.23 5 1.3 0.19
B9025 5 11.0 0.45 4 1.3 0.08
B9025a 4 12.3 0.55 5 1.3 0.16
B9025 12 9.7 0.94

B9040 12 8.6 0,67

Us617i | 12 17.9 1.70

U5604p 4 24.1 0.85

R4251 5 9.6 0.38

R5651t 4 9.3 0.18

$9013 5 9.4 0.32

$9039 5 11.5 0.39

59040 5 7.8 0.33

$9050 3 8.2 0.52

U5604p 4 24.1 0.85

Us606p | 9 18.5 1.72

U5606¢ 9 20.6 1.02

U5606x 9 16.4 2.64

US5606s 4 20.2 0.77

US610p 5 17.4 0.94

T6007p | 10 13.5 0.84

Table 3.2 Concrete test results
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Beam Stirrup Yield force Force-strain
no. steel of stirrups modulus
PY(kN) ES(MN)
v6002 1 R6 9.03 5.88
veooa § R6 9.03 5.88
u6002 N R6 9.03 5.88
U6004 R6 .03 65:22
6007 ¢ R6 9.03 5.88
teoto § R6 9.03 5.88
IR D 2790 5.7
i U w0 | B[ n
U6007c R6 9.67 6.06
Us0100 R6 9.67 6.06
Us013c § RG 9.67 6.06
Wt e | BR[O ER
U6023c 1 R10 25.80 16.70
u6029c R10 25.40 16.10
U6044c 1 s10 50.00 18.20
U6007h R6 9.67 6.06
U6010h R 9.67 6.06
Us017h § R10 29.15 16.10
w2t g | w10 23.0 16.70
v4222m 1 R10 2370 16.10
u4230m § s10 55.80 19.05
04244m ¥ s10 51.30 18.50
X6009 o RG 9.67 6.06
X6018 1 R6 9.67 6.06
%903z ¥ R10 R 16.70
x9043 1 R10 2% 16.10
o § ] w | Heh I
B018 ¥ | R10 265 16.70
B9025 § R10 B 16.70
B9025a 1 R10 B 16.12
89029 1 R10 R 16.12
o040 f s10 52.00 18.27
us617i § | R10 335 16.12
us604p 1 R10 R 6.06
ra251 ¥ R10 S 16.70
R5651t 1 R10 23.35 17.25
59013 U1 Ry ] 8.15
59039 ¥ R10 24.50 17.25
sv0s0 ¥ R10 2.7 16.70
59050 N R10 gﬁ? 17.25
useoap B | . Re oo 6.06
Us606p 1 ®7 1380 . 8.35
S606q ¥ | R7 S 8.00
US606x N R7 . '8.00
us606s R7 R 8.15
s610p ¥ R6 :g:g 6.06
T6007p ¥ R7 e 8.35
Table 3.3 Tensile test results for stirrup re-

inforcement
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Type of Diameter Nuniber Average strength | Standard deviation
steel of tests o (MPa) ' s (MPa)
SKS 90 16 14 928.0 4.9
SKS 90 12 7 924.0 4.7
SKS 60 25 10 654.0 5.9
SKS 60 16 12 704.5 19.9
SKS 60 12 , 6 650.0 4.4
SKS 56 25 4 716.5 17.3
SKS 56 16 6 641.5 2.4
SKs 52 16 16 . 560.5 2.9
FKF 42 35 6 450.5 S 7.4
FKF 42 16 12 482.0 5.3
FKF 42 12 4 457.0 10.8
FKF 42 10 2 449.0 ) 2.7

Table 3.4 Tension test results for longitudinal
reinforcement.

3.5 Testing of Beams

Detailed descriptions of the test rig, test procedure and measur-
ing equipment is given in [76.1]. Only the most necessary infor-
mation is repeated here. o

The loading diagram is sketched in Fig. 3;2., whereas Fig. 3.3.
shows the actual test rig. '

All the electrical measurements were registeréd automatically on
a Solartron , placed to the left in Fig. 3.3. In addition to the
time, each scan covered 20 channels, viz,:‘ '

- Voltage of the Wheatstone's bridge.

- Load at start of the scan.

- Eight stirrup strain readings (Two opposite each other in the

middle of four stirrups placed as shown in Fig.3.2).
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East ) West

Fig. 3.2 Loading diagram and position og gauge
stirrups and dial gauges.

Fig. 3.3 Overall view of beam test rig.
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~ Nine deflection readings (electric resistance transducers at

300 mm intervals).

-~ Load at the end of the scan.

Longitudihal strain measurements were taken byvmeans of 7 dial
gauges on eaoh side of the beam. The position of the gauges ie
sketched in Fig. 3.2. The dial gauge readlngs were recorded visu-
ally and ‘the values were later punched onto cards.n

A zero measurement was taken with the beam resting on the jacks.
The beam was then loaded in steps of 20 kN (per jackl, apart from
the first steps of 30 kN. Up to about 120 kN, the load was applied
for 5 minutes, 1nclud1ng 1 mlnute for the_actual loadlng.‘The dial
gauges were then read and atileast 2 scans were taken with a to-
tal duration of 2 minutes. At loads of 120 kN or more, the load

was applied for 10 minutes before measuring.

The shear cracking load , the load at which the shear cracks
extend into the flange and the ultimate load were noted. On the
white-washed beam, the cracks were traced with ink and photo-
graphed at load intervals of 40 to 60 kN, starting at the cracking
load. After failure, the dial gauges and the deflection trans-
ducers were removed and an additional photograph was taken.

When one of the shear spans had failed, the corresponding hydrauiic
jack was closed down and loading proceeded until'failure of the other
shear span. The shear force in the span is then 195/300 P, P being
the load on the ]ack._Therefore, the load steps are 1ncreased by a
factor of 300/195 = 1.54. The 1oad was raised at intervals of seven
minutes. With this second test, “only the ultimate load was record-
ed. In some cases, a second shear failure was not achieved because

the beam failed in the same shear span as before.

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

4.1. Computer Programs

Data from the beam was analyzed by the computer program PLOT
Wthh was wrltten in FORTRAN and run on the IBM 370/165 computer
fac111t1es of NEUCC at the Technical University of Denmark.
_Flg.v4 1. shows the structure of the computer program. Analysis
vlS ‘carried out in elght sub-routlnes, the operation of which is
described in [76.1].

The program FLEX calculates the flexural capaclty of the beams,
. based upon the strength of concrete and longltudlnal relnforce-
‘ment, found in Chapter 3. The analysis is explained in [76 11,

sec. 2.3. Results are glven in Table 4. 1

[}ONCR l I SCAN ] [ILAstl DEFLEX l DIALS i GAUGES | | FORCES |

. 1 HEAD: .

ASTEX IREcrANI”'TEXT l lGRAPH%J lLEGEND] :

Fig. 4.1 Structure of computer program for
analys1s of data from beam tests.
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- S, 1+ P v v Failure
Beam no. ¥ c F °r ° mode
(Mpa) Gtpa) an o) (ko)
w | 0.86 245 .
veooz £ | 0.8 3.7 393 . % 253 b
w138 50 306
V6004 £ | 1.38 36.4 393 . 347 W
W 194
ue002 £ | 0.43 19.5 374 80 200 s
W ] 0.86 56 224
u600s E | 0.86 211 374 237 SN
w 1.38 B 204
U007 ~ £ | 1.38 14.7 358 %0 218 W
. w 1.88 B 90 265 SE
U610 E- | 1.88 16.5 366 260
w1 2,51 55 306
veo17 & | 3.14 20.1 375 326 sw
W 4.32 120
wsozs | aoa 20.2 375 365 T
w 1.47 90 245
U6007c E | 1.47 18.3 3 245 SE
W Z.02 £
U6010c_E | 2.02 19.3 a3 206 SE
w202 : — 723
u6013c £ | 2102 12.4 314 % 204 B
W [ 3.32 ; 306,
vso0i7c £ | 3.32 i8.3 371 110 265 SE
w 3.94 275
u6023c E | 3.094 7.2 368 %0 275 s .
w 4.84 60 347
ve020c B | 4.84 20.0 375 306 SE
w870 265
U60dsc £ | 8.70 15.0 360 60 265 sS4
w [ 1.47 50 235
U600 E | 1.47 15.5 362 242 i
W[ 2.02
v6010n E | 2.02 7.9 370 % 245 e
W[ 3.34 : 56 756
uso17n E | 3.34 20.3 376 282 SE
W[ Z.81 265
va2iin E | 2.84 14.2 366 - % 255 SE
w507 1 e 1 - 357
va222n £ | 5.08 A58 . 40 1200 | 3i6 SE.
W 638 337
va23om £.| 6.38 | ‘68 423 - 306 SE
W | 8.70 347
vazaan e | 870 | '6-5 47, 20 347 SE
; W1T0.07 : 133
x6005 £ | 0.92 7.3 182 60 143 i
W [ 184 235 : .
%6018 E | 1.84 2.4 261 50 219 e '
W[ 2.94 - 184 .
%9032 " £ | 3:00 8.5 (260 | g0 204 | SH.
W[ 4.07 184
%9043 £ | 4.06 8.2 253 0 201 SW. .
W 0.57 T 56 266"
86009 _E | 0.80 0.7 340 245 &
w187 5
R 10.1 260 286 e
W [ 3.16 ; § — :
20025 & | 3ie 1.1 299 %0 286 FT
W | z.67 " : KEE] T
890252 £ | 2.91 12.3 4 4w % 408 * SE .
W | 2.86 50 388
80020 £ | 2.63 °-7 463 a2g ** i
I WY o 120 388 o i
89040 & | 417" 8.6 439 249 #4x b
W | 2.92 ] 326
L US6173° £ | 2.69 17.9.. 403 ' 326 sy
W[ T.05 755
us60dp E | 1.05 4.1 413 - . 235 SE e e e
w458 5 346 :
Ra2s1 £ | 4.46 9.6 38 386 o
w 4.44 140 275
RS6S1 E | 4.25 9.3 240 . 255 s#
W 1.36 184
s9013 £ | 1.34 °-4 27 80 184 W
T ; 720
so030 ¥ | 37 11.5 318 316 T
W | 569 -
$9040 " £ | 3:69 7:8 32 . 120 265 fd
i W ] 4.36 .
s |so0s0 & | 4.36 8.2 - 312, 190 | . 306 SE. . - L e
* ' main reinforcement curtailed

**  second test flexural failure

**%  second test shear failure in flexural zone

Table 4.1 Strength properties of test beams.
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Finally, the program EXP compares the experimentally obtained ulti-
mate loads with the predictions of the theory (cf. sec. 1.1.). The
program calculated the best value of the web effectiveness Vv by
minimizing the sum of squares of the normal distances of the experi-
mental points (¥, T/oc)vfrom the theoretical curve,vequation (2).
The output includes the coefficient of variation based upon N - 1
degrees of freedom, N being the number of points. The results are

given in sec. 4.7.

The actual programs are listed in [76.1], Appendix A. The entire
output is collected in Appendix A of this report. A general descrip-
tion of the results is given in [76.1] and the following sections.

4.2, General Behaviour

The structural properties of the 40 statically tested beams are
listed in Table 4.1. (The fatigue tests are treated'in sec. 6.)

The table contains the material strengths Oq and s , (cf. Sec.3.2
and Sec.3.3, respectively), the expected flexural failure load
Vgps the observed ultimate load V, and the type of failure. The
latter is deaignated as follows. SE: shear fallure Of eastern

span, SW: shear failure of western span, FT:{ flexural tension

failure, FC: flexural compress;on failure.

The shear cracking load Vor 1s defined as the load step at which
the first Viéible web crack appeared.

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.

At about 75% .of the ultimate load, the shear cracks:extended

into the flaﬁge. At this stage, the deformations become consider-
able and the beam assumes a characteristic S - shape with reversal
of curvature at the supports.,immediately prior to.failure, this
leads to the formation of tensile cracks in the flangesinear the
supports. '
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Even quite close to the ultimate load, it remained an open question
as to which shear zone was going to fail first. Neither the location
of the first visible érack, nor the extension of the cracks into

the flange could be taken as a guide. The only infallible indication

was the appearance of the tensile flange cracks, as mentioned above.

In the cases where two shear failures were obtained by the proce-
dure described in Sec.3.5, the second failure load was always

equal to, or slightly higher than .the first. This indicates that
the second failure load may be used with confidence although the

moment distribution in the beam is somewhat different.

It is worth noting that the two failure loads for the same beam
may differ as much as 12%, although the stréngth properties of the
two shear spans are supposedly identical. Thus, a theoretical pre-
diction of load carrying capacity must be subject to an unrelia-

bility of this order of magnitude.

4.3. 'Loads, Deflections and Dial Gauge Readings

The complete results of these measurements are given in Appendix A
and a general description is given.in [76.11. -

In Table 4.2., the maximum deflection is given for each beam at
a load of 30 - 60% of the ultimate shear load, corresponding to
the service load. It can be seen that the deflection at this load
only exceeds 10 rm in a few cases.

4.4. Stirrup Strains and Forces

Measurements of stirrup strains and forces are also collected in
Appendix A.A general description of these measurements is given
in [76.1].

As an example, the stirrup force curves of beam U6007 are shewn in
Fig. 4.1. At a loading stage of about 90% of the failure load,
stirrup No. 1 yields, whilst the other stirrups have not yet reached
yielding force. Furthermore, it is seen that the stirrup force re-
mains negligible until shear cracking occurs.
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. Maximum deflection

Beam Service load at service load
no. 0.5-0.6 Vv, (kN) (mm)
V6002 122 3.8
V6004 159 6.3
U6002 122 5.2
U6004 143 5.9
u6007 121 6.1
U6010 142 6.5
U6017 182 8.5
U6025 183 7.7
U6007¢c 142 6.6
U6010c 157 7.0
U6013c 122 5.7
U6017¢c 162 7.0
U6023c 142 6.4
U6029¢ | 162 7.3
U6044c 142 6.0
U6007h 142 6.1
U6010h 142 6.2 .
U6017h 142 6.2
U4213m 142 5.2
U4222m 159 5.7
U4230m 162 4.9
U4244m 182 6.0
X6009 81 7.6
X9018 120 7.8
X9032 121 9.0
X9043 123 9.3
B6009 152 7.0
B6018 152 8.9
B6025 162 10.0
B6025a 202 9.7
B6029 213 13.6
B6040 214 10.9
U56171 182 8.2
U5604p 142 5.3
R4251 185 5.5
R5651t 142 7.7
S9013 101 11.8
59039 '
59040 142 9.3
§9050. 152 10.1

Table 4.2 Deflections at service load
(= 0,5 - 0,6 x ultimate load).
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! Fig. 4.1 Stirrup force curves for Beam No. U6007.

The outcome of an investigation of stirrup yield for all the test
beams is shown in Table 4.3. Corresponding to each beam, the table
lists the failure mode (cf."Sec. 4.2) and the results of an exami-
nation of each stirrup. The symbols used are explained in the
caption to the table. Finally, the beam is classified according to
yield of the stirrups. '

In Fig. 4.2., the max imum recbrded stirrup force from Table 4.3. is
plotted against the reinforcement degree @. It can be seen that

for ¢ > 0.2, yield of stirrup at failure is not always detected,
and :for ¢ > 0.3, yield is never detected.

Iin a few beams, (U6023c, 06029c,lx8009 and X9018) the force in the
horizontal, lower part of the stirrup was,measuréd..Generally,
these measurements did show that this force is ohly half of the
force in the vertical stirrup legs (see Fig.4.3).
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Stirrup force in % of yield force
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.Fig. 4.2

Maximum recorded stirrup.force versus the
reinforcement degree, V.
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Failure WEST EAST
Yield
mode Stirrup 1 | Stirrup 2 Stirrup 3| Stirrup 4} ° .
V6002 SW Y Y Y Y Y
v6004 SW Y Y Y (Y) Y
U6C02 . SW Y (). Y Y Y
U6004 SwW Y 0.°2 (Y) (Y) Y
U6007 .SW Y 0.98 (Y) (Y} Y
U6010 SE Y (Y) (Y) Y Y
106017 SW Y 0.98 0.89 . 0.84 Y
U6025 FT 0.77 0.83 0.69 0.61 0
U6007¢c SE Y Y {Y) Y o Y
U6010c SE Y Y Y 0.47 Y
U6G13c SW (Y) Y 0.86 0.90 Y
U6017c SE 0.65 0.90 0.93 (Y) (Y)
U6023c¢c SW 0.80 0.31% 0.42 0.21* 0
U6029¢c SE 0.53 0.42 “0.30% 0.61 0
U6044c SW 0.31 0.26 0.24 0.33 0
u6007h SW Y Y Y Y Y
U6010h SE 0.88 0.88 ©0.93 0.96 0
U6017h SE 0.76 0.69 0.64 0.67 0
U4213m SE . 0.81 0.76 . 0.86 0.80 0
U4222m SE 0.85 0.70 0.64 0.65 0
U4230m SE 0.38 0.41 :0:36 0.46 0
U4244m SE 0.47 0.48 . 0.30 0.40 0
X6009 SW . (¥) Y CY 0.93% Y -
X9018 SE 0.78%* + Y. Y Y
4 X9032 SW 0.56 0.72 ©0.61 0.72 0: -
X9043 SW 0.49 0.60 0.58 0.58 0
B6009 SE (Y) - () <(Y) 62) (v)
B9018 FT 0.66 0.55 0.53 0.57 0
B9025 FT 0.32 0.38 0.14 0.36 0
B9025a SE (Y) (Y) 0.67- © 0,78 (YY)
B9029 Sw (Y) 0.70 * Y Y
B9040 SwW 0.40 0.46 0.58 0.58 0
056171 SW (v) Y (Y) Y Y
U5604p SE 0.79 ©0.46 - ol -0
R4251 SwW Y Y 0.88 0.33 Y
R5651 | SW % 0.91 0.67 0.85 0
S9013 SW 0.93 0.93 (¥) 0.50. (Y)
S9039 FT ’ :
$9040 SE 0.92 2 0.92 .0.91 0
$9050 SE 0.89 0.97 0.96 0.85 0
Y : Yielding detected at last loading stage
before failure
-(Y):  Extrapolation indicate yielding  at :failure load -
T Strain gauges disconnected or inoperable .
* 1 Strain gauges at the horizontal part of stirrup
0,0.%xx : No yielding at failure load, ratio between

stirrup stress at failure load and yield stress

Table 4.3 Recording of'stirrup‘yield’
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4.5 Cracking and Crack Width

Photographs of the crack development of each beam are collected
in Appendix A, together with pictures of both the shear spans after
failure and of the reinforcement.

Measurements of the crack widths were only taken for the series B
and series S. For series B, the maximum crack width at the service
load (50 - 60% of the failure load), was not greater than 0.2 mm.

For series S, the maximum crack width was less than 0.1 mm.

4.6 Ultimate Loads and Web Effectiveness Parameter

4.6.1 Results of All Series

As described in Sec. 4.2, the beam tests yielded 67 shear failures
plus 4 flexural failures. The tests were grouped in 11 series:

V (4 failures), U (10.+1 failures), Uc (13 failures), Uh (5 fail-
ures); Um (8 failures), X (4 failures),'xd (4 failures), B (4 +2
failures), Bd& (3 failures), SPB (8 failures) and S (4 +1 failures).

All ‘test results are summarized in Table 4.4. The table lists the
non-dimensional paraméters[ v, T/Gc and v . According to the
theory, the point (¥, T/oc) should either lie on a circle with
diameter v , or on its horizontal tangent. The value v, given in
Table 4.4 for each shear test, is the diameter of the circle on
which the particular point (¢, T/Gc) is located. For points with
] >T/cc we have put v=2 T/Oc , assuming that the point lies on
the tangent.

In Fig.4.4, all the test results (except the results of the special
beams of series Uh and series SPB) are plotted. By means of pro-
gram EXP, described in Sec.4.1} the theoretical curve giving closest
fit is deawn. The corresponding v-value is 0.70 and the coeffi-
cient of variation 9.6%. Fig.4.5 shows the same plot, but with the
results of series T, Td and Tm, reported in [76.1] included. This
changes the best v-value and the coefficient of variation slightly
to 0.73% and 9.0%, respectively.

-
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Table. 4.4 Test results from all static tests.
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Fig.4.4 Resﬁlts of all shear tests, v =0.70,
coefficient of variation 9.6%
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Fig.4.5 Results of all shear tests with series T,
included, v =0.73, coefficient of vari-
ation 9.0%
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4.6.2. Resuits of the Individual Series

In Figs. 4.6 - 4.16, the results of the individual series are
plotted and the theoretical curve giving closest fit is drawn.
The corresponding v -~ values and coefficients of variation are
listed in Table 4.5.

With the aid of the test series, the dependence of v on the following

parameters was investigafed to a reasonable degree of thoroughness:
~ Diameter of tensile reinforcement.

~ Concrete cover.

~ Stirrup layout.

- Width of web.

- Concrete strength.

— Stirrup inclination.
The results are briefly discussed below:

Influence of the tensile reinforcement diameter, d, is examined
by the series U (d = 25 mm) and Um ( d.= 35 mm):With a planned
concrete strength of 20 MPa and by the series T.( d = 16 mm) and
X (d =12 mm3 with a planned concrete strength éf 10 MPa.

Because of uncontrolled fluctuations in the concrete strength,

v(the average values of the series varying from 8 MPa to 19 MPa) ,
the results concerning this point were not quité'clear. However,
the variatiohs in the v - values are most likely due to the var-
iation:nxconérete strength. A tentativé cdonclusion is then that

there is no significant dependence on the diameter.

Influence of the concrete cover was investigated through series
T and Tm and series U and Uc. The results indicated a decrease in

v - value with increasing concrete cover.

Dependence of v on the number of bars Supportedvby stirrup bend
was studied by series (T, Td), (X, Xd) and (B, Bd) respective’
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- Stirrup Average Diameter Concrete | Number | Effectiveness parameter
Series s
arrangement|concrete| of tensile|cover of
1 strength| reinfoxcem shear Average Coefficient
Oc MPa d {mm) e (mm) tests value of variation %
T l |H 11.1 16 24 . 36 0.74 7.4
Tm It ° : 11.2 16 12 4 0.79 5.4
Tq le 10.4° 16 24 4 0.69 10.6
\' Iul 36.0 25 24 4 0.63 1.2
u IUI 18.7 25 24 10 0.70 3.6
Ue I U l 17.2 25 50 13 0.58 7.0
vh l u H 17.9 25 50 5 0.59 9.6
Um |Ul 15.8 35 12 8 0.69 6.2
X h. .d 8.4 12 24 4 0.80 10.0
xa ‘Ml 8.4 12 24 4 0.78 6.2
B : oo J 10.4 16 24 4 0.72 6.4
Bd Iu_u‘ 10.4 16 24 3 0.86 5.0
s o e e 9.2 12 24 3 0.72

Table 4.5 Average v - values of test series
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For the series with a web width of 200 mm, there is no signifi-
cant difference in v — values. Howéver, series B and Bd, with'a’
width of 380mm, show a clear increase in v when 4 bars are sup-
ported instead of 2.

Efficiency of hairpin stirrups was investigated in the series.Uh
(hairpin stirrups) and Uc (ordinary stirrups). Mo difference in

the v - values was detected.

The dependence of v on the beam width was examined by the series
T, Td@ (b = 200 mm) and B, Bd (b = 380 mm). When the corner bars
only are supported by the stirrup bends, there is no difference
in the v - values. When all bars are stirrup supported, the in-

crease in v - values for the wide beams is significant.

Plans were made to obtain an indication of the influence of con-
crete strength by comparing the results of series V (cc = 360 MPa)
and series U,(cC = 190 MPa). The results suggest that v decreases
with increasing concrete strength. If the variation in diameter of
the main reinforcement is neglected, the results of the series T,
Um and X can also be included. The outcome (see Fig. 4.17) shows

a dependence of v on the concrete strength which is excellently
described by the linear relationship

v = 0.8 - 360 (C)'c in MPa) (4.1)

(=]

Because of two flexural failures in the series with inclinéa
stirrups, (series S), a well-defined value for the magnitude of
v was not obtained, (see Fig. 4.16), but the test results at
least do not contradict that v on an average has the same magni-

tude as for beams with vertical stirrups.

4.6.3. Results of Tests with Special Beams

Results of the pilot tests with special beams, series SPR (see
Sec.2.3.), are shown in Fig. 4.15. and they suggest the following
rather tentative conclusions:
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Fig. 4.17 .The vV - dependence of the concrete strength

- U5617i indicates no reducing effect when placing the tensile
reinforcement away from the stirrup bends.

- R5651t suggests an increasing v - value with decreasing stirrup
spacing.

—-.R4251 shows a considerable increase in v, - even beyond unity,
2f the tensile reinforcement bars are replaced by a steel plate
with the stirrups welded to the plate.

- U5604p gave the result that 2-106

. pulsations at service load
do not reduce the v - vdlue.



.= 59~

5.  DISCUSSION AND CONCLUSIONS

5.1 Failure Mechanisms

The behaviour of all the beams follows the pattern stated in Sec.
1.1 of [76.1] quite well.

Discussion of the failures of the beams in series T, given in Sec.
5.1 0f [76.1], is generally valid for beam failures in the series
described in this report.

IniFig.S.T, a typical failure for each series is shown. There was
no remarkable difference in the failure pictures. The most out-
standing failures were those of series Uc and Uh, i.e. the.series
with the large concrete cover. These series showed a clear tendency
of ‘the concrete cover to spall immediately prior to failure. -The
effect is clearly seen in Fig.5.2. '

Three beams were cut through'in a normal section of the failed shear
zone to study cracking inside the web. The three beams, U6017,
U6017¢ .and U6017h, had a different concrete cover or st;rrup’
arrangement. Cross sections and the crack pattern are shown in Fig.
5,3. These crack patterns supply no information about differences
of:the failure mechanisms of the beams, but they confirm the re-
sult of the cut-through, reported in [76.11. The observed crack
pattern on the faces of the beam did not penetrate the web.

Ihjéonnection with the cutting , & beam in series T, ~ T6029, -
was injected with epoxy and tﬁen cut up in the vertical plahe of
stmetry of the beam, leaving the whole central part of the shear
zone ready for inspection of crack patterns. However, the epoxy
injection,; intended to establish a tracing of the inside cracking,
did not succeed, only the concrete cover was penetrated. Beéause of
this, the crack pattern on the cut faces became too vague‘to7supply
fufther'information about the mechanism of shear failure.
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Fig.5.1 Failure pictures for the beams V6004, U6007, U6010c,
U6007h, U4213m, X6018, B6009 and S9013.
The failure loads are here given in Mp
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Fig. 5.2 Shear failure of Beam No. U6007c.
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Fig. 5.3 Normal sections of the beams U6017,
U6017c and U6017h
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5.2 Strong Shear Reinforcement

In the test series Uc, Um, X and B, test beams with a very strong
shear reinforceﬁent are included. These tests support the results
of [76.1]1, i.e., that the load-carrying capacity is independent of
the amount of shear reinforcement, provided that the latter is of

sufficient magnitude.

The reason for this is that the concrete of the web fails before

the stirrups yield. Thus, thekdeg;ee of shear reinforcement, ¢ = w1
necessary for the occurrence of this situation may be deduced from -
the observations of stirrup yield. Such bbservations were illustrated

in Fig. 4.3. and they suggest that ¢1 lies in the interval O.2<w1<0.3.

This result is not in accordancevwith the theory from whicb we
would expect yielding of stirrups in the interval 0.3 < w1'<‘0.4.
A possible explanation of this discrepancy is that even if yield
is not detected in the stirrups supplied with gauges, it could

have started in other stirrups.

5.3. Calculation of Effectiveness Parameters

One of the main purposes of the test program was to establish a model
for the calculation of v when the section geometry and strength para-
meters were given. In the féllowing different models are suggested,

and their agreement with the experimental v - values is discussed.

One model was based on the hypothesis that v is less than unity be-
cause of the stress concentration above the main reinforcement bars.
The force from the stirrups is transferred to the main reinforcement
bars which in turn are supported by the web concrete. Thus, the web
compression is concentrated at the longitudinal bars and this con-
centration gives rise to failure before the average stress in the
web reaches the uniaxial compressive concrete strength. This means
that the effective concrete strength, G*c, can be calculated as:

ndBoC

e =% R
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and then

v = E%-B-. (5.2)

Here, d is the diameter of the longitudinal bars b is the width
of the beam web, n is the number of bars supported by stirrup bends,
vcc is the cylinder strength. and Boc is the maximum compression on
a longitudinal bar.

It is assumed here that only the bars supported by stirrup bends
are ca?able of transferring the force from the stirrup to the con-
. crete. This assumption is based on tests by Malliné [72.11 and
Leonhardt & Walther [63.11]. ' S

On the basis of the same tests, B was initi&lly chosen to B = 3.0,
(Malling and Leonhardt tests give the values 3.2 and 2.8. respect-
ively).

In accordance with this model, v is proportional to d and n and in-
Versély‘proportiohal to b. As seen by the analysis of the results

in sec. 4.6.2., these trends are in no way supported by the experi-
mental results, according to which v is almost independent of d, n
and b, In Table 5.1., quantative results of the model are compared

with  the experimental values. -

‘A reason for tﬁe bad correspondance could be #hat'B actually_is

ndt a constanﬁ. If the web failure is assumed to follow a logarith-
mic spiral, (see Fig., 5.7.), B ié found to be an increasing function
of e/d .(concrete cover/diameter of bars). The series X and Um with

the extreme value of e/d, 2 and 0.34 respectively were carried out
~to. test this assumption.

' Generally speaking, this model produces better results when B is
calculated in this way, but the results are still not satisfactory.
Fir;tly,_thé model now predicts increasing v-values with increasing
concrete cover, whilst the experiments show the opposite tendency
‘and, secondly, the model still claims v to be inversely‘propdrtional
to the width.

Even if the result could be further improved by usingbother values
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Series v =%E—q v
T 0.48 0.74
m 0.48 0.79
Tq - 0.72 0.69
v 0.75 0.63
U 0.75 0.70
Uc 0.75 0.58
Um 1.05 0.69
X 0.36 0.80
Xa 0.72 0.78
B 0.25 0.72
Bd 0.50 0.86

Table 5.1 Average v - values compared with the
expression v = nBd/b

Fig. 5.4 Web failure
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of o and maybe n, (the total number of bars in the bottom layer),
this model could never explain the observed dependency of v on the

width, and therefore the model must be rejected.

These results lead to the suggestion that the. failure is not a
local phenomenon at the longitﬁdinal bars , but involves the en-
tire web. In other words, irrespective of the stirrup arrangement,
the web strength is governed by the strength of the concrete body
enclosed by the stirrup.

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'inclined concrete struts and idealize the action

of the stirrups as a uniformly distributed strip load, over the

o]
) £’
stirrup width, bs’ (see Fig.5.5).

a) b}

Fig. 5.5 Web failurg

a. Possible failure mechanisms (normal
section)

b.. Web crushing idealized as a strip
load on a prismatic concrete body
(inclined section)
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Data concerning concentrated loads on concrete prisms has been
cdmpiled by Jensen [74.1]1, who concludes that the ultimate stress
on the loaded area can be calculated by the formula

o4
£ _ b L :
i 0.2 + O.B.IS; (5.3)

where b is the part of the supported area (width) which is sym-
metrical with respect to the centre line of bs' Hence the web
effectiveness parameter is determined by

bsof bS bs ;
Vo= g5 = 0.2 5 * 0.8 v (5.4)
c
where bs/b = 1 - (2e/b), e being the concrete cover. To obtain

a simple formula,  the sqguare root.is replaced by the first term
of a series expression, i.e. bs/b' =1 - (e/b), (for e/b<0.125,
the error does not exceed 1%). Thus we obtain

v o=1.0- 1.2 -g e/b < 0,125 (5.5)

as an approximate expression for the dependence of v on the con-
" crete cover. ‘ ) :

According to. this model, v decreases with increasing concrete
cover and increases with increasing'beam width., From sec. 4.3.2.,
it can be seén that these predictions are qualitively in accor-
dance with the experimental results.

In Fig. 5.6.., the model is compared with the experimentally de-
-termined v - values of the individual series. The plot includes
the point corresponding to series Uc, although it falls outside
the range of equation (5.5). (e/b = 0.25). The model clearly
overestimates the v - values. However, a reasonable agreement can
be obtained if v is modified to

- - & = - =
v = 0784 (1.0 1.2 b) =(0.84 1.0 b) (5.6)
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Fig. 5.6 The average v - values compared to empiri-
cal model

where the constant factor is determined by requiring the-mean of
the calculated best v - values equal to the mean of the experi-
mental values. The standard deviation is calculated as 0.062.

Results from application of the plasticity theory to punching
shear and shear in beams without shear reinforcement have shown a
marked tendency of v to decrease with increasing concrete strength.
" In both cases, the variation of v has been described by an inverse
square root dependence Vv = k1/V3; where k; is a constant. How-
ever, for shear reinforced beams, this model underestimates the

v - values for the high concrete strengths (og > 20 MPa) .
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For the series where, besides the concrete strength, only the di-
ameter of the reinforcement bars is varied, we found an excellent

agreement with the linear relationship (see Sec. 4.6.2.)

Vo= 0.8 - m (MPa) : (5.7) .

If all the experimental results are compared with this model, the
torrespondence is still reasonably good, (see Fig.5.7). The

standard deviation is found to he 0.061.

Finally, a model is obtained by combining the expressions (5.6)
‘and (5.7):

g
_ _ ¢ _ e
v = k2 (0.8 s7x) (1.0 = 1.2 B) . (5.8)

200
In the same way as for the model (5.6) k, is determined to k, = T.11.
The results of this model are compared with the experimentally ob-
tained v - values in Table 5.2. The coefficient of variation is cal-
.culated to 0.045, which is.considerably less than for the express-
ions (5.6) and (5.7) alone.

‘The conclusion must then be that the empirical model which corres-
ponds best with the experimental result of this report is

B o .
= - £ - e
Vo= 1.11 (0.8 = 52 (1.0 = 1.2 §) (5.9)

However, it should be emphasized that when results from test series
from other laboratories (see Table 5.3) are included in the analy-
sis, scatter is increased considerably. The coefficients of variation

are approximately 0.07 - 0.08, and smallest for the model (1)
Thus, in this case, ﬁhe modei

- -4
v = 0.8 - 50
is concluded as'producing the best correspondence with all avail-
able experimental results (see Fig. 5.8), i.e. it is therefore

recommended to use‘this model for practical calculations.
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Fig. 5,7 The average v - values compared with the em-
pirical expression v =

0.8 - 0./200

Serie v v
T 0.72 0.74
Tm 0.78 0.79
Ta 0.72 0.69

‘v 0.59 0.63
U 0.68 "0.70
Uc 0.56 0.58
Um 0.75 0.69
X 0.82 0.80
Xd 0.82 0.78
B 0.77 0.72
Bd 0.77 0.86°

Table 5.2:

Average v-values compared with

the empirical expression

v=1.11 (0.8- GC/ZOO) (1.0-1.2 e/b)
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| Number Concrete Effective-
Test series of strength ness
tests parameter

: 0. (MPa) (V)
Malling .[72.1] 13 10.5 0.65
Rathkjen [69.1] 7 25.0 0.78
Uzden [67.3]
H.C.Sgrensen[71.1] 18 29.0 0.72
Placas [71.2] 15 33.0 0.60
& Regan
Taylor [66.1] 3 21.1 0.60
Leonhardt and
Walther[63.1] 10 S 1o 0.80
Leonhardt. and
Walther [65.1] 4 18.8 0.65
Guralnick [59.1] 2 34.7 0.51
Hamadi [76.3] 5 25.5 0.65
Lyngberg [76.3] 9 30.0 0.76
Jensen [78.3] 2 50.0 0.54
et al.

Table 5.3 Average v - values of other test series.
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6. FATIGUE TESTS

6.1 Purpose of Tests

Thevéim of the fatigue tests was not to produce a thorough investi-
gation of the fatigue strength of beams in shear, but only to carry
out a few pilot tests to get an indication of the fatigue strength
of beams with shear reinforcement designed in accordance with the

web crushing criterion.

6.2 Test Beams

The geometrical data of the test beams are given in Table 2.1, Fig.
-2.2, and rig.2.3. The concrete strength, yield force of stirrups
and the average stréngth of the main reinforcement are given in
Tables 3.2, 3.3, and 3.4, respectively. 1In Table 6.1, the rein-
forcement degree, the ultimate static shear load (calculated from
(1.7a) with v=0.7), and the ulﬁimaté static flexural load (taken
from table 2.1) are given. .

P o P v v V Vmax
Beam no b [} u F max _V—
: - (kM) (MPa) (%) | (k) (kN) v
05604 p 11.00 241 4,35 244 328 120 0.49
U5606 p 13.60 18.5 7.01 233 1328 116 . 0.50
05606 g 14.05 20.6 6.50 251 . 328 190 0.76
U5606 x 13.40 16.4 7.78 216 © 328 160 Q.74
U5606 s 13.90 20.2° 6.10 247 328 153 0.62
U5610 p 10.45 17.4 12.50 280 328 137 0.49
T6007 p 13.80 13.5 4.87 144 290 80 0.56

Table 6.1 Results of fatigue tests
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6.3 Testing of Beams

The loading diagram for the fatigue tests was identical with the dia-
gram for the static tests, Fig.3.2.

In the actual test rig‘ﬁsed for the fatigue tests, the movable support,
built as a 3 m radius pendulum ‘bearing for the static" tests, was ex-~
changed with a roller bearing. The reason for this was insufficient

fatigue strength of the pendulum bars. The test rig is shown in Fig.
6.1.

Fig.6.1 Test rig
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The pulsation machine was an Amsler P960-SP1351.The frequency of the
pulsation was 45 c/s and the form was sinusoidal with the minimum
locad equal to Vmin==1.5 kN and the maximum.load equél to a cer-
tain fraction (in the interval 0.43-0.66) of the ultimate load (see

Table 6.1 or 6.2).

The test was started as an ordinary stafic ﬁest. According to the
procedure described in Section 3.5, the load was through several
loading stages increased to Vmax . The stirrup stresses were re-
corded at each load stage. After unloading, the pulsation machine
was started and the beam taken through a few hundreds of cycles

whereupon the static test with registration of stirrup stresses
was repeated.

6.4 Test Results

6.4.1 Fatigue Failures

The results of the tests are summarized in Table 6.2, where Vmax’
the number of cycles before failure and the type of failure, are
given. 1In Fig.6.2 - 6.7, the shear zones are shown after failure.
Generally, it is seen that when the failure was fatigue failure of
the stirrups, the failure section was always located in or near
the stlrrup bends.

Beam no Vmax Y_%li Nzx;ber : Typé of fa_iluré
(kN) v pulsations R '

US604 p 120 0.49 2.05-108 No failure

U5606 p 116 . 0.50 8.65-106 Shear failure, stirrups
u5606 q 190 ‘0.76 0.>02-106 Shear :‘failure, concrete
U5606 r 160 0.74 0.18+106 Shear failure, concrete
U5606 s 153 0.62 0.17+10% " | Shear failure,.stirrups
U610 p 137 0.49 1.27-108 Flexural failuré,zeint.
T6007 p 80 0.56 2.00-108 | Shear failure, stirrups

Table 6.2 Results of fatigue tests
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Fig.6.4: Fatigue failure of concrete struts. anéx =0.74 Vu
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In Fig.6.8, the development of the cracks during the fatigue test of
beam No. U5610p is demonstrated. It is seen from the penultimate
picture that at this stage (1.13+10% pulsations), at least one of the
main.reinforcement bars.has failed. The point of failure can be lo-
caled as the point where the inclined anchorage cracks at the main

reinforcement change direction.

After 2.05+10° pulsations without obtaining the fatigue failure, the
test of beam No.u5604p was,stopped'and'the beam moved to the static
test rig. The results of the static test (see Table 4.4) were failure
loads of 235 kN and 225 kN for the shear spans E and W, respective-
ly. This result indicates that the ultimate shear load calculated

to 244 kN. (see Table 6.1) is not influenced by the pulsations if these
are stopped’before fatigue failure is obtained. k .

. Fig.6.8 Development of the cracks during the fatigue .test. -
of beam No.U5610p (the maximum load in 137 kN

(=13.7Mp). N is the number of pulsation in 10%)
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Finally, it should be noted that the results of the fatigue test
with beam No.U5606g is doubtful. In connection with a stop in the
pulsations after 16700 cycles, the beam was mistakenly given a

. static load of between 80% and . 100% of the ultimate load. This may
be the reason for the premature fatigue failure. This suspicion is
substantiated by the result of beam No.U5606 r . This test was very
nearly a- dupllcate of the test of beam No.U5606q, but. the number of
pulsations before failure was about ten times bigger.

'6.4.2 Results of Stirrup Force Measurements

A typical result of the stirrhp force measurements is shown in Fig.
6.9. Because of some experimental difficulties in bringing the

load below le , the zero-measurement of the stirrup strains was
taken at v=vV min ° The stirrup force measurements shown with the

full llne in ?ig.6.9 were produced during the initial static-test.
?he'usual picture is found. The stirrup forces are zero until the
crebking ioad.is reached, then the forces increase to the meximum
value. The stirrup force measurements shown with the dotted lines
wéré faken during the second static test performed after afémall

amohnt of pulsations. Here the stirrup forces increase insiantly

from the zero value at the initial load V to the maximumivalue

min

at Vﬁai "and the curves are almost perfectly linear. The reason
for .this is that in the second static test, the cracks are estab-

llshed.

In each of the measurements given in Fig.6.10, the stlrrup force
at” the load len are taken as zero value. However, it 1s 1m—
p0551ble £or a-crack to close completely upon unloading. This means

‘the actual stirrup force will never reach zero again after

cracklng. In Fig.6.10, this effect is demonstrated. The load is
1ncreased from 0 to 100 kN and then unloaded in the same” load
steps unt;l zero. It is seen that a force of about 1.50 - 2.00
kN remains in the stirrups.

are given.

In Table 6.3, the recorded ‘stirrup stresses at Vﬁak
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Forces (kN)
18.01™ T
Stirrup 1
Stirrup 2 West
Stirrup 3
Stirrup 4
|

* ® o @

East

12.0[

WALt Load (kN)
0 60 120 180 260

Fig.6.9 Stirrup force measurements

Forces (kN)
18.0

® Stirrup 1
e Stirrup 2 West
® Stirrup 3
« Stirrup 4| East

12.0F :

6.0

2
0 ‘ Load (kN)
0 80 120 180 240

Fig.6.10 Stirrup force.measurements
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6.5 Discussion and Conclusions

The registrated failures were caused by fatigue failure of the
stirrups,. fatigue failure of the concrete in the compression struts

or fatigue failure of the main reinforcing bars.

The stirrup steel was mild steel. According to [75;2], there is
the follbwing relationship between the number of pulsations n
before failure and the ratio between the stress in the stirrups at

the maximum load % and the yield stress of the stirrup steel

s . +
y
o 1 n < 10°
u,
< = {2:25-0.25 logn 10° > n 3107 , (6.1)
¥ o.e8 n > 2:10¢ ' '
If % is taken to be equal to the stirrup stress at V re-

- max
corded+ in Table 6.3 , n can be calculated from (6.1). The re-

sults are given in Table 6.3, where the actual registered number

of pulsations before failure are recorded for each beam for compari-
son. S

P .
Beam no P 55 Number of |Number of
a y pulsation|pulsation
kN (calcul.) | (measured)
U5604 p - - - 2.05-108
U5606 p 6.80 0.50 >2.0-108( 8.65-106

Us606q | 14.05| 1.00 | 0.1-106{ 0.02.108
U5606 r | 11.80| 0.88 | 0.3-106) 0.18-106
US606 s | 12.95| 0.93 | 0.19-106| 0.17+105.
U5610 p 4.41| 0.42 | >2.0-108 1.27-106.
T6007 p 9.27| 0.67 | 2.0-108} 2.00.108

Table 6.3 Stirrups stresses at vmax and measured and calculated

number of pulsations
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Tt is seen that for the beams where stirrup failure is registered,
i.e. beams Nos. U5606p, U5606s, and T6007p the agreement between
the calculated and the actual number of pulsation is very close.

The beams U5606q, U5606r, and U5610p failed at a number of pulsa-
tion considerably lower than predicted by equation ( 6.1). However,
this is quite natural when it is noticed that U5606g and U5606r
failed by fatigue failure of the concrete struts, and U5610p by
fatigue failure of the main reinforcement. An estimate of the
maximum stress in the concrete struts and the main reinforcement,
respectively, shows that failure at a considerably lower number of

n than calculated according to equation ( 6.1 ) could be expected.

In Pig.6.11, the W6h1er—diégramme for all fatigue tests are shown.
Because of the mixture of different kinds of failures, the picture
is rather unclear.

However, one main result can be stated: In all cases where VmaX

did not exceed 0.56 V , the beam supported at least 2-10° pul-
sations without failure.

'S Venax
0sof— S
- ! : IO 7 DT
| e Fatigue failure of concrete)
! R o e Fatique failure of stirrups
e & Fatique failure of main
| reinforcement i
070
| !
. | ®;
060f-
" 05 :
: L LI e e .
0% . o 108 107 N

Fig.6.11 Wohler-diagramme
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