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Abstract

To clarify the interaction of shear and torsion in prestressed hollow core slabs, 15 load
tests on single prestressed hollow core units were carried out. The slabs were 1.2 m in
width, 7 m in length and either 200 or 400 mm in depth. The ends of the slabs were
simply supported. In 13 tests the loads comprised one or two point loads close to
support. In two tests there was a uniform transverse line load close to one support while
the slab unit was twisted by eccentric loads at the ends.

In ten tests the slabs were placed on neoprene strips with no end grouting. In these tests
the transverse bending made the slab fail longitudinally first, which in most cases
resulted in a lower resistance than that predicted using traditional design methods.

In five tests the conditions were more realistic, i.e. the slab ends were grouted and
stiffened by supporting beams or spreader beams above the slab ends. In these tests the
observed resistances were of the same order or higher than those predicted using the
conventional calculation methods. However, some observed stiffnesses and resistances
deviated so much from the predicted results that the conventional calculation methods
have to be evaluated by comparison with numerical methods.
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1. Introduction

The tests documented in this report were planned to clarify the effect of combined shear
and torsion on the resistance of an isolated, prestressed hollow core unit. Tests without
torsion were also carried out for reference. Pure bending failure modes were eliminated
by placing the load close to the support.



2. Test arrangements

In all figures of this report the measures are given in millimetres unless otherwise

specified. Photographs about test arrangements are shown in Appendices A and B.
Names of type STabcXYZ, STSabcXYZ or SFabceX are used for different tests and test
specimens. The symbols in the names have the following meaning:

ST

STS

SF

200 or 400
C

E
M
G

Other chara

Shear Tension, extruded slab

Shear Tension, slipformed slab

Shear Flexure, extruded slab

Thickness of slab in millimetres

Centric load

Eccentric load

Mortar bearing with grouted ends

Grouted ends supported on wood fibre strips.

cters are used to make difference between different tests when the characters

above are not enough for unique identification.

2.1 Characteristics of hollow core slabs

Some characteristics of the test specimens are given in Table 1. The nominal cross-
section of the slab units is given in Figs 1-3 and the measured geometry in Appendix C.
For the shape of the hollow cores see also Figs 79-81.
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Fig. 1. Nominal cross-section and location of strands in test specimens ST200. c refers

to concrete

cover below the strand.



Table 1. Characteristics of test specimens.

Test Thickness | Number & Initial Length Cast Loaded
specimen mm diameter of | prestress mm
strands MPa
mm

ST200C 200 7d12.5 900 7060 25.6.02 | 20.8.02
ST200Ela 200 7d12.5 900 7060 25.6.02 | 20.8.02
ST200E1b 200 7d12.5 900 7060 25.6.02 | 21.8.02
ST200E2 200 7d12.5 900 7060 25.6.02 | 21.8.02
ST200EIM 200 7d12.5 900 7060 25.6.02 5.6.03
ST200E2M 200 7d12.5 900 7060 10.10.03 | 2.12.03
STS200C 200 8d12.5 900 7060 16.7.02 | 22.8.02

+6d6* 700
STS200E1 200 8d12.5 900 7060 16.7.02 | 22.8.02

+6d6* 700
ST400C1 400 11d12.5 1000 7080 26.6.02 | 26.8.02
ST400C2 400 11d12.5 1000 7080 26.6.02 | 27.8.02
ST400E1 400 11d12.5 1000 7080 26.6.02 | 27.8.02
ST4002E 400 11d12.5 1000 7080 26.6.02 | 28.8.02
ST400EIM 400 11d12.5 1000 7080 26.6.02 | 18.10.02
ST400G1 400 11d12.5 1000 7080 26.6.02 19.8.03
ST400G2 400 11d12.5 1000 7080 26.6.02 19.8.03
SF400C 400 11d12.5 1000 7080 26.6.02 | 29.8.02

* Upper tendons, smooth prestressing wires

w | SoFE) (oo ),

N 129 N 157 N 157 ‘ 157 N ‘
\ N N N N N
W‘ 1200

|
N

Fig. 2. Nominal cross-section and location of strands (lower tendons) and wires (upper
tendons) in test specimens STS200. The vertical position of tendons was not specified in
the drawings. The measured distance of lower and upper tendons from bottom and top
fibre was 50 and 30 mm, respectively. For the hollow cores, see also Fig. 80.
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Fig. 3. Nominal cross-section and location of strands in test specimens ST400. c refers
to concrete cover below the strand. For the hollow cores, see also Fig. §1.

2.2 Shear tension tests on slabs supported on neoprene

Ten tests of the type illustrated in Fig. 4 were carried out. There were one or two point
loads on the webs of a slab unit. The loading was either centric or eccentric with respect
to the longitudinal centroidal axis of the slab.

The support conditions and loading arrangements are presented in Figs 5-9. The loaded
end of the slab is called active end, the opposite end is passive end.
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Fig. 4. General view on loading arrangements with eccentricity e. a) One point load on
slab unit. b) Two point loads on slab unit.

S S (e

| | O
D Neo | |
prene 10x1 200xbS Neoprene ,
b ﬂ ﬂ 10x1200xb Axis
Axi Rollers

1S ‘ 7000 \
N "

Fig. 5. Side view. Sections A-A, B—B, C—-C and D-D are shown in Figs 6—10 and 12.
d = 100 mm and 200 mm and b, = 60 mm and 80 mm for 200 mm slabs and 400 mm
slabs, respectively. For the properties of the neoprene, see App. 1.
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a = 500 for 200 mm slabs

= 1000 for 400 mm slabs N d i

@@ tests ST200C, ST200E1)

| | @?

‘ =< [ ] !
"2 |
over each web

560 e and s? on,|

Fig. 6. Plan (section C—Cin Fig. 5). d = 100 mm and 200 mm for 200 mm slabs and
400 mm slabs, respectively.
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Fig. 7. Section A-A, see Fig. 5. a) Test ST200E1a and ST200E1b. b) Test ST200E2.
¢) Test ST200C. e is given in Table 3 in Section 4.3.1.
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Fig. 8. Section A-A, see Fig. 5. a) Test STS200E1. b) Test STS200C. e is given in Table
3 in Section 4.3.1.

P e | Steel plate
! 10x100x100
/P Gypsum

a) b)
P P
o — J
i Roller
i Steel plate
; | 10x100x100 ‘
= ey = =
| | | | |
| | | | |
| | | | |
| | | |
¢ ¢
c) d)

Fig. 9. Section A-A, see Fig. 5. a) Test ST400E1. b) Test ST400C1. c) Test ST4002E. d)
Test ST400C2. e is given in Table 5 in Section 4.4.2.

Deflection was measured by inductive transducers placed vertically on the corners of
the slab and on a transverse line above each web next to the load. See Fig. 10 for the
location of the transducers.
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Horizontal transducers 5 and 6 measured the possible transverse shear deformation in
transverse direction close to the load. They were fixed to a steel bar, which was simply
supported on an edge and centre line of the slab.

Slippage of strands relative to the concrete was measured at the active end by horizontal

transducers as shown in Fig. 10. Since the transducers were fixed to the concrete at the
active end, they gave unreliable or misleading results after cracking of the slab end.

188 188 188

188 4gg 188 188 188 188 188 188

N 157*1 57 ﬂ57 19]9057*1 57, 157 )

¢)

Fig. 10. Section B—B, see Fig. 5. a) Tests ST200C and ST200Ela. b) Tests ST200E1b
and ST200E2. c) Tests STS200. d) Tests ST400. For Det A, B and C see Fig. 11.

Det C Det B Det A
Bar simply No contact Hinged bar
supported between bar
and cube

Fig. 11. Det A, Det B and Det C, see Fig. 10. The steel bar is in a hole in plastic cube.
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Sbb @éé@@ and o

Fig. 12. Section D-D, see Fig. 5. Numbering of transducers for measuring bond
slippage. a) Tests ST200. b) Tests STS200. c) Tests ST400.

At the active end the slab was placed on a support, free to rotate around an axis parallel
to the slab, see Fig. 13. After this, the rotation (twisting of slab) was prevented by two
wedges. In this way, a stress-free fitting of the test specimen with the supports was
accomplished despite the possible spirality of the slab.

DOOC

Axis
0O
Wedge ~ Wedge

Fig. 13. Support at active end.

2.3 Shear tension tests on slabs with grouted ends on mortar
bearing

After the pilot floor tests PF400 [6], a 400 mm slab, taken from the same casting bed as
the slabs in test PF400, was placed on the concrete beams used in the floor test,
reinforced and grouted in the same way as the slabs in the floor test. Tie beams, similar
to those in the floor test, were reinforced and grouted. This means that the slabs were
placed on small plywood pads and the space between the soffit of the slab end and the
top surface of the beam was filled with grout. Thereafter a shear tension test ST400E1M
similar to the test ST400E1 was carried out.

15



Later on a test ST200EIM with similar loading as in test ST200E1 was performed.
Finally a test on a single slab, called ST200E2M, was carried out with similar support
conditions as in floor tests FT200 and with similar loads as in floor test FT200:11. The
arrangements for these tests are illustrated in Figs 14-20. In addition to different
measurements and the greater eccentricity in test ST200E2M, the support conditions
make the only essential difference in relation to tests ST400E1 and ST200EI. In all tests
the supporting beams were placed on the concrete floor of the laboratory without any
grout or mechanical fixing. A detailed description of their design is given in App. H.

ST400E1M ST200EIM

ST200E2M

Fig. 14. Overview on arrangements.
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R

Concrete element

L =5000
e 7080 (length of slab) T
% ST400EIM |
T
Concrete element
length = 1400
. 7060 (length of slab) T
% ST200EIM h
Ll |
u ———
Concrete element
length = 1600
/ﬁ/jﬁ 7060 (length of slab) «W
I
| ST200E2M

Fig. 15. Elevation.
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4 rebars d 10

50 /cle 300, L= 4004300
T barsd = 16 50 2 rebars d=16
wo rebars d = Rebarsd 10 \ L=L
L =1500 clc 300, . 0 .
Thin plastic L =200+300 Thin plastic
sheet sheet
T %9%,
Plywood board —__80,6( Plywood board e
30x50x80 100 100 30x50x80 100 100
under webs, 200 under webs, 200
2 pcJ/slab end U 2 pc./slab end
ST400E1M ST200E1M & ST200E2M

Fig. 16. Arrangements at support. The target grade of the grout was K30. The nominal
yield strength of the reinforcing steel was 500 MPa. Ly = 1300 and 1500 mm for
ST200EIM and ST200E2M, respectively.

800 560
800 560

| 200‘ 960

Fig. 17. ST400EIM, plan. Numbering and location of transducers. For section E-E see
Fig. 18.
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Fig. 18. ST400EIM. Section E-E, see Fig. 17. For Det A, DetB and Det C see Fig. 11.

The load in test ST400E1M was applied at one point as shown in Fig. 9.a.

e i

700 560 || @ ° 560
J‘!DL//
700 560 ‘ ‘ @ @ * 560

:— 77777 /474@f .
° @o 4@ —

J |

<

1000 100 470 ‘j 30
A A

Fig. 19. ST200EIM, plan. Location and numbering of transducers. For sections J—J
and F-F see Fig. 20. For section G—G see Fig. 7.c.
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Fig. 20. ST200EIM. Sections of Fig. 19. a) J-J. b) F-F.

Distance from slab end:

Distance from slab end:

| 830 1030 2530 2730 2500 1300
| NN NN K K }
30 27 (28 25 (26 23 (24 21 (22 30
g 10 272 S @4 @ By
e 047 L ©o57 F 10 T
o 46 L o 56 |
®5 @45 ®55 9@
1200 . K @2344 ©§354 |
® 0@ ® 8 @
42 52
14 1:,‘:’ © . egq ®51 F| [4 LZ.:DS
] ] ~ ] ] -
K37 (38) 35 (36) 33 (34) 3132 M M

7060 (Length of slab)

e

Fig 21. ST200E2M. Arrangements. Plan. For sections H-H, K—K, F-F, L-L and M—M
see Figs. 22-24.

I
f@@@@@@ipgi

H—H
Fig. 22. ST200E2M. Sections H-H and K-K, see Fig. 21.
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[ LTI 1] am
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50 ‘
F—F L—L

4:1:174

Fig. 23. ST200E2M. Sections F-F and L-L, see Fig. 21.

17

L T80

870

18
50

Fig. 24. ST200E2M, section M—M in Fig. 21. Vertical position of horizontal transducers
measuring the displacements of the beams.

2.4 Shear tension tests on slabs with grouted ends
on soft bearing

The slabs in these tests belonged to the same casting lot as those in previous tests
ST400. The ends of the slab units were grouted with concrete K30 as shown in Fig. 1.
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Cast-in-situ concrete K30

) — 60
width = width of the slab Nl §
2y 70
Rebars2d 12— | 260
L = 1300
S0 70

Fig. 25. ST400G. End grouting and reinforcement.

An overview on the loading arrangements is given in Fig. 2. The whole slab was
subjected to a constant torque maintained by P; at the tilted end at which the twist of the
slab end was free. Fig. 27 illustrates the possible failure modes. The eccentricity of P; at
the tilted end, the span of the slab and the shear span of P; at the sheared end were
chosen to eliminate failure modes other than the web failure. The balancing force P
was arranged by an auxiliary beam and by a force = P; as illustrated in App. B, Figs 46
and 47. With these arrangements P, was ~ 1.14P; + 3.0 kN. With the eccentricity of
0.15 m, P, was great enough to prevent the rigid body rotation of the slab due to torque
P;x(0.2 m) at the tilted end.

Tilted
end

Fig. 26. ST400G. Overview on test arrangements.
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W —~ Top flange

u Web

J Bottom flange u

Axis of rotation

Fig. 27. ST400G. Possible failure modes.

4‘ 7000 L
14) ] | -
o\ L , | ~
13, ‘@ ] 188 '
450 376 f@o
Twisted| | | | [ 9771878 @4 L
end P11200 ‘ \ 188
450 102 376 188‘@0
801 %<188 N 183 2 ° .
K| e L ~ [ ] d
A1) 200 N %
—t

Fig. 28. ST400G, plan. Location of loads and vertical transducers 11-37.

188 188 188 183 188 188
N N

P37

Fig. 29. ST400G. Location of transducers 11-37.
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ﬁ 7000
N P P
1 l P, @ 2

Spreader beam

?D @ @ E/Spreaderbeam@ D

Sheared end

.

!Twisted end \ \

40 .40 |
\

R

0
_40, |

DetD ' Wood fibre plate 10x80x1200 _
= Axis
l-l_ﬁw Axis Separate rollers
L] °

Fig. 30. ST400G. Arrangements at supports. For Det D and spreader beam see Figs

31-32 and 33, respectively.

_DetD
Hole in wood fibre plate © Slab ‘ %0%% fi1b2r((:‘)cr)3|ate
and teflon, 40x60 ] X30x
_ :E JQTeﬂon sheet
Steel dowel 8x40x60 Steel plate
welded to steel plate Steel support i

Fig. 31. ST400G. Detail of support, tilted end. See also Fig. 32.
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Steel dowels

in holes
Wood fibre
100 plate 10 mm

KN NS plate
- 2,

Steel dowels, welded to steel plate,
in holes 40x60 cut into wood fibre plate and teflon

Fig. 32. ST400G. lllustration of bearing at tilted end.

20 | |
N
160, 10
20 | |
S 200 .
N N

Fig. 33. ST400G. Spreader beam made of steel. Length = 1.2 m.
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80 450 . 450 80

N N
) )

o|FhE e

000C

S = N = S S A

Separate rollers ‘

Fig. 35. ST400G. Section O-O.

2.5 Shear flexure test
In this test, the aim was to investigate flexural shear failure. However, the actual failure

mode was shear tension failure. Therefore, the planned test with similar but
eccentrically located loading was cancelled. Fig. 36 illustrates the test layout. More data

26



about test arrangements are given in Fig. 37 and in photographs 28-35, App. B. Fig. 9.a
shows how the interface between the actuator and the slab surface was arranged. The
support conditions were the same as those for test ST400C.

Fig. 36. Overview on test layout.

\ I
*5 F e 10 15 ® 20e 25 e
| 270 | | |
o4 e 9 14 0 | “190 24 @
‘ 283 Centre line ‘
o3 -~ @mes8 " B 13 i " ‘%q— 23
| 283 ‘
2 -~ o7 120 e 22
\ 270 i
o1 | 6 11 o 16 o 21 4
f |
100 . 875 § ! 100
5 875 1750 ‘ 1750 L1750 875
N N S N N NS
30 7000 30
NN

Fig. 37. Plan indicating the location of loads (black squares) and transducers for
measuring deflections (black circles).
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3. Material data given by the manufacturer

of slabs

Table 2. Data given by the manufacturer.

ST200E2M ST200 ST400 STS200
(Except SF400
ST200E2M)

Concrete K60 K60 K60 K55
Cement CEM I CEM I CEM I CEM I

52,5R 52,5R 52,5R 52,5R
Cement kg/m3 245 240 270 310
Water I/m3+ 120 130 145 141
Maximum aggregate size # [mm] 13 12 16 16
Number of aggregates 3 3 4 3
Lower strands (smooth wires):
- strength [MPa] 1860 1860 1860 1770
- 0.2% yield strength [MPa] 1640 1640 1640 1570
- initial prestress [MPa] 900 900 1000 900
Upper wires (smooth):
- strength - - - 1770
- 0.2% yield strength [MPa] 1570
- initial prestress [MPa] 700

28




4. Results of load tests
4.1 About loading

The tests were carried out by controlling the elongation of one actuator. When more than
one actuator was used, the actuator with the greatest expected elongation was chosen.
Attempts were made to keep the rate of elongation piecewise as constant as possible.

4.2 Notation and some basic formulae
In tests ST400G1 and ST400G the torque over the whole slab is given by (P; + Py)e =
Fie where P, is the eccentric load due to the loading equipment at the tilted end. In
other tests with eccentric load the different rotation at different slab ends shall be taken

into account. This can be done as follows.

Fig. 38 illustrates a beam simulating the slab in a shear-torsion test with almost non-
rotating supports.

Positive sense of Mt :

Fig. 38. Twisted member. Rotation @ is measured at x =0, x =b and x = L.

P

The interdependence of the torque M; and relative angle of twist @ is generally given by

M, =GI,0O (1)

where G = 0.5E/(1+v) and I, denote the shear modulus and torsion modulus, respectively.
E denotes the elasticity modulus and v=0.15 Poisson's ratio. #is defined by
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d¢
0=— 2

e )
where ¢ denotes the angle of twist, later also called rotation, and x is the coordinate
measured along the axis of the twisted member.

Before cracking, 8 and M, can be considered constant between the load and a support,
but they are discontinuous at the loaded cross-section x = a. Since a was shorter than L-
a and the supports could not completely prevent twisting, ¢(0) tended to be greater than
@(L). Therefore, the different rotations at the ends have to be taken into account when
calculating the torque. How to do this is shown in App. G. The result is

Mta+( L-a  a J:Pe a 3)
’ ¢L_¢a ¢a_¢0 ¢u_¢0
and

Mt,a— = Mt,a+ +Pe (4)

where ¢ = ¢(0), ¢, = ¢(a) and ¢, = ¢(L). M,,. and M, ,+ denote the torque for x < a and
X > a, respectively. ¢, = is obtained from

b=+ T (8,~4,) ©

where ¢, = @(b). @ is calculated from the displacements measured by the outermost
transducers at cross-section x = b. If ¢y = ¢y,

ta+

a
M,  =-Pe— 6
es (6)

and

M =pel=t

ta-

(7)

are obtained. After cracking of the active end, M,,+ can be calculated from Eq. 1 if the
part x > b is still uncracked and (GI,) is known. The relative angle of twist between x =
b and x = L is then obtained from

_ ¢L _¢b
o=2—% ®)

In the following, P means actuator load, F' the load on the slab due to the actuator load
and the weight of the loading equipment used to spread P over the slab. In other words
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F=P+P, (9)

where P, is the weight of the loading equipment.

4.3 Shear tension tests on 200 mm slabs
4.3.1 Rate of loading and observations during tests

The rate of loading is given in Fig. 39. Load in all figures refers to actuator load P.

- - - .ST200C
———ST200E1a
ST200E1b
———ST200E2
STS200C
STS200E1
- - = .ST200E1M
——— ST200E2M

Load [kN]

_—

80 100

Time [min]

Fig. 39. Rate of loading for 200 mm slabs with horizontal supports.

Photographs about the tests are shown in Appendix A. The measured loads and
displacements are given graphically in Appendix D. The ultimate loads and
observations made during the tests are summarized in Table 3.

When comparing the results of tests STS200C and STS200EI it seems that with
increasing eccentricity the resistance slightly increases. This may be due to the thick
outer webs of the slab cross-section, one of which was more effectively mobilised in the
eccentric test STS200E1 (z = 65 mm and 40 mm for the outermost and other webs,
respectively).

In tests on other slab types the resistance clearly decreased with increasing eccentricity
as expected.

In all tests except ST200E1M the observed resistance was considerably lower than that
typical of tests with uniformly distributed transverse line load. This was the case not
only with eccentric loads but also with centric loads.
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Table 3. Failure load F,,,y
eccentricity e and description of response. The webs and voids are numbered starting

= Puax T Peoy (Pey is the weight of loading equipment), its

from the right. The slabs are extruded unless otherwise specified. P., = 0.5 kN in test

ST200E2M. In all other tests P.; = 0.4 kN.

Frax e Description
kN mm
ST200C 135.6 0 | At P =124 kN: a vertical crack above and below 2nd
void.These cracks increased in width and length. P
came down to 112 kN. When reloading, the tips of the
longitudinal cracks had passed the loads at 115 kN. At
135 kN new longitudinal cracks appeared close to the
existing cracks above and below the same void. At the
same time webs 3—6 failed in shear tension. Webs 1, 2
and 7 remained intact. See App. A, Figs 1-9.
ST200Ela | 100.4 | 187 | At 100 kN: a crack in the bottom corner on the right,
load to 95 kN, then load increased a bit, at 96 kKN: a
diagonal crack in lst web and 2"4™ web failed in
shear tension. See App. A, Figs 10-14.
ST200E1b | 98.4 187 | At 90 kN: a longittudinal crack above the 1% void, a
diagonal crack in 1% web, at 98 kN: a diagonal crack in
the 2™, 3" and 4™ web (shear tension failure. See App.
A, Figs 15-19.
ST200E2 | 64.4 384 | At 45 kN: diagonal shear crack in 1** web, longitudinal
‘ ‘ crack above 1* void, the right corner was cut off, at 58
kN: a longitudinal crack in 1* web, at 64 kN: 2™ web
failed in shear tension, the element started to rotate
around the 3" web. See App. A, Figs 20-24.
ST200E1IM | 156.3 187 | At P =155.9: a diagonal shear crack in ISt—;lth web and
L ¢ .
Z lonimi:(}lnsal3 ;3071( above and below 4" void. See
Cast ends Pp- 43, B8 ]
ST200E2M | 133.5 | 384 | At P = 123 kN: a flexural crack below the loads, at
i ‘ 127 kN: diagonal cracks on the top surface close to the
support, at 133 kN: a punching failure accompanied by
Grouted ends diagonal cracks both on the top and bottom surface in
the shear span. See App. A, Figs 48—59.
STS200C 125.4 0 | At 125 kN: a transverse flexural crack below the load,
Slip formed load reduced and inchreased until dat h117 kN: crack
along strand below 7" web and 3™-7" web failed in
shear tension. See App. A, Figs 25-30.
STS200E1 | 129.4 | 314 | At 113 kN: a transverse flexural crack below the load,
Slip formed at 129 kN: shear cracks in 2nd and 3rd web, soffit
cracked in transverse direction under these webs close
to support, at 108 kN: shear crack in 1%, 4™ and 5
web, a longitudinal crack above 5™ void. See App. A,
Figs 31-36.
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4.3.2 Deflections

The measured deflection depicted in Figs 4049 reflects the nonuniform load-sharing in
transverse direction. The lowest (highest) load and smallest (greatest) deflection in Figs
40-49 correspond to uncracked (almost failed) slab.

17 16 15 14 13 12 11

0 | | | | |
1 |

T2 v v

£ g <> * o &

= 3

S

£ 4

§ 5 — = ——u— 18

5. '

Q ——P=60 kN
’ —~ —=—P=124 kN
8 ——P=135kN

Fig. 40. ST200C. Deflection next to load, measured by transducers 11-17.
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|

Displacement [mm)]

Fig. 41. ST200Ela. Deflection next to load, measured by transducers 11-17.
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Fig. 42. ST200E2. Deflection next to load, measured by transducers 11-17.
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Fig. 43. ST200E1b. Deflection next to load, measured by transducers 11-17.
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Fig. 44. ST200EIM. Deflection next to load, measured by transducers 11-17.
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Fig. 45. ST200EIM. Deflection next to load, measured by transducers 11-17.
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Fig 46. ST200E2M. Deflection next to load, measured by transducers 41—47.
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Fig 47. ST200E2M. Settling of support at active end measured by transducers 41-47.
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Fig. 48. STS200C. Deflection next to load, measured by transducers 11-18.
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5 || ——P=70 kN
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Fig. 49. STS200E1. Deflection next to load, measured by transducers 11-18.

4.3.3 Shear resistance and torsional stiffness

In Figs 50 and 51 the torsional response of the eccentrically loaded specimens is
compared with the average response obtained from previous pure torsion tests [5] and
denoted by PT200. The zone b < x < L, see Fig. 38, is considered from start until
cracking of this zone. The torque in Figs 50 and 51 is calculated from Eqs 3—5 until
cracking of the active end, and after cracking from Eqs 1 and 2 where GI; equal to the
secant torsional stiffness value obtained before cracking is used. The values of G/, used
in this stage as well as loads they correspond to are given in Table 4.

The curve for ST200E2 includes negative torque values and strong vibrations at the

beginning. Arithmetically this is explained by the fact that rotation ¢y was very close to
@» and in some measurements even greater than ¢,. Physically this should not be
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possible. On the other hand, the curve is later parallel to the other curves. No
explanation for this behaviour could be detected. The vibrations in the curve for tests
ST200E1M were pronounced. No explanation for the difference between identical tests
ST200E1a and ST200E1b could be found, either.

- = = ST200E1a
8w ST200E1b \ P
7+ ST200E1M -
5 ST200E2 P —
T ST200E2M | -~
Z 5+ STS200E1 g =
Py 4 | 1— —PT200 A
5
e
2 -
1 S ele
0 =L ‘ ‘
0.00 0.05 0.10 0.15 0.20 0.25
Theta [mrad/m]

Fig. 50. Torque-6 relationship for excentrically loaded 200 mm slabs. Passive end.

5 -
L 7~
~
4 ] -]
T - - -ST200E1a
z3 ST200E1b
° ST200E1M
g5 ST200E2
L ST200E2M
STS200E1
1 — —PT200
O [ T T T T

0.00 0.02 0.04 006 008 010 0.12 0.14 0.16
Theta [mrad/m]

Fig. 51. Torque-0 relationship for excentrically loaded 200 mm slabs. Passive end.

In Fig. 52 the initial part of the real torque-@ curves for the pure torsion tests are
compared with the curves for other tests. The slope of the pure torsion curves seems to
be of the same order as in the other curves, but they do not behave logically at the
origin.
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Fig. 52. Torque-0 relationship for excentrically loaded 200 mm slabs (passive end)
including initial part from pure torsion tests PT200A4 and PT200B.

Table 4. Load corresponding to first cracking Fracr, failure load Fps, shear force
(support reaction) at failure V,ps, F for calculating GI, and GI, for calculating M,.

F crack F obs Vobs F for Glt Glt

KN | kN | kN kN MNm’

ST200C 135.6 | 135.6| 135.8 - -

ST200Ela 100.4 | 100.4 | 103.0 - -
ST200E1b 90.5 98.5 | 100.9 90.5 27.13
92.5 95.7 90.5 27.13

ST200EIM | 155.3 | 1553 | 154.6 - -
ST200E2 45.1 64.4 69.6 44.6 25.82
ST200E2M | 126.5| 133.5| 128.0 123.5 25.39

STS200C 125.5| 125.5| 126.3 - -
STS200E1 113.5| 1294 | 130.0 112.5 37.05

4.3.4 Horizontal displacements

Fig. 27 in App. D illustrates the measured horizontal displacements of the supporting
beams in test ST200EIM. A positive displacement means that the beam is moving
inwards (towards the inner edge of the beam), a negative displacement means that the
beam is moving outwards. The displacements at the passive end are negative and those
at the active end positive. As the absolute value of the negative displacement is greater
than the positive one, the lower flange of the slab is getting longer as it should when the
slab is subjected to vertical loading.
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At first load steps there is no horizontal displacement at the active supports while the
passive end moves outwards from the very beginning. At P = 40 kN the beam at the
active support starts to move inwards. This may seem strange but can be explained, see
report [6], 4.4.5. The horizontal parts in the curves might be attributable to sliding of
beams along the floor, other parts could be attributable to tilting of the beams due to
elongation of the bottom flange of the slab and support reaction of the slab.

Fig. 53 shows the elongation of the mutual distance of the supporting beams calculated
from displacements measured by transducers 7-10. The curves look regular and show
the same strain softening behaviour as the deflections shown in Figs 28 and 29 of App.
D. Since the slab was uncracked in the early stage of the loading, the supporting beams
must have provided an efficient horizontal restraint in this stage. In the later stage close
to the failure the restraint played a minor role.

The horizontal displacements in test ST200E2M measured by transducers 11-18 are
shown in App. D, Figs 32-33. They are also illustrated in Figs 54-57 at five load levels.
All measurements show that the active support was tilted inwards and the passive
support outwards. In addition, there was sliding at both ends, particularly at the passive
end, but at the active end it only occurred at the non-loaded side and was much weaker
than at the passive end. This is easily explained byt the fact that the horizontal axial
force in the slab was the same at both ends but due to the higher vertical force, the
friction force at the active end was higher than that at the passive end.

160
140
120
100 -
80 -
60 A
40 A
20 A

Load [KN]

00 01 02 03 04 05 06 07 08

Elongation [mm]

Fig. 53. ST200EIM. Elongation of mutual distance of beams measured by transducers
7-10.
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Fig. 54. ST200E2M. Horizontal displacement of beam at active end at loads P; = 30—133 kN.
Transducers 11-12.
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Fig. 55. ST200E2M. Horizontal displacement of beam at active end at loads P; = 30—133 kN.
Transducers 13—14.
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Fig. 56. ST200E2M. Horizontal displacement of beam at passive end at loads P; = 30—133 kN.
Transducers 15—16.
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Fig. 57.
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P, =30-133 kN. Transducers 17-18.

Fig. 58 shows how the mutual distance of the supporting beam varied with load P;.

Fig. 59 illustrates the load-rotation relationship for all 200 mm slabs. Here the rotation
means the difference @,—¢@y.(a) or @—¢; (b). It should be noted that the shear span and
the place where ¢ was measured were not the same in all tests. In the centrally loaded
slab ST200C the rotation in Fig. 59.a is considerable when compared with the rotation
observed in excentrically loaded slabs. This is obviously attributable to some
unsymmetry in the slabs which resulted in differences in settlement of the active

support, see App. D, Fig.1.

Fig. 58.

ST200E2M. Horizontal displacement of beam at passive end at loads
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ST200E2M. Elongation of mutual distance between supporting beams

measured by transducers 11-18.
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Fig. 59. Load-rotation relationship for all 200 mm tests. a) Rotation = @gy—¢y.
b) Rotation = ¢—¢y.

4.4 Shear tension tests on 400 mm slabs with parallel supports
4.4.1 About initial cracks

Before loading, a longitudinal crack in the concrete was observed above one of the
outermost hollow cores at each end of each 400 mm slab unit. The reasons for such a
cracking are discussed in report [5], Chapter 6. These initial cracks were typically 300—
500 mm in length and 0,2 mm in thickness. They can be seen in App. B, Figs 5, 14, 20,
and 43. In all tests on 400 mm slabs with eccentric load the load was placed on the
opposite side of the initial crack. In these tests the initial crack remained unchanged and
obviously had no effect on the failure load. For centric loads such an arrangement was
not possible. Consequently, in tests ST400C1 and ST400C2 the initial crack grew in

42



length with increasing load, was part of the failure crack and may have reduced the
observed resistance of the slab end.

4.4.2 Rate of loading and observations during tests

The rate of loading is given in Fig. 60. Photographs about tests are shown in App. B,
Figs 1-27 and 36-43. The measured loads and displacements are given graphically in
App. E. The ultimate loads and observations made during the tests are summarized in
Table 5.

M —_ [T ST400C1
—— ST400C2

250 A — ST400E1
ST4002E
200 : —ST400E1M

= 5
= ]
< 150 ; R—\
m L}
S :
100 \
50 ~
0 ’ T T T
0 10 20 30 40 50 60 70 80
Time [min]

Fig. 60. Rate of loading for 400 mm slabs.

In all tests the observed resistance was considerably lower than that typical of tests with
uniformly distributed transverse line load. This was the case not only with eccentric
loads but also with centric concentrated loads.
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Table 5. Failure load F,,,y
eccentricity e and description of response. The webs and voids are numbered starting
from the right. P.; =0.8 kN for tests ST400C2 and ST4002E. For other tests P., = 0.3

= Puax T Peoy (Pey is the weight of loading equipment), its

z

Fnax
kN

mm

Description

ST400C1

0000

258.3

At P =218 kN: a longitudinal crack below 1* void and
inclined shear crack in 1% web, at 226 kN: a
longitudinal crack above 1% void, at 247 kN: a
longitudinal crack along strand below 3" web, at 258
kN longitudinal crack above and below 3™ void,
inclined shear crack in 2™ and 3™ web. See App. B,
Figs 1-6.

ST400C2

5000

272.8

At 195 kN: a longitudinal crack below 3" void and 4™
web, inclined shear crack in 5t web, at 250 kN: a
longitudinal crack above 4th void, at 272 kN: inclined
shear cracks in 194" web. See App. B, Figs 7-14.

ST400E1

0000

Grouted ends

166.3

283

At 148 kN: longitudinal cracks above and below 1%
void and along a strand below 2™ web, an inclined
shear crack in 1% web, at 166 kN: inclined shear cracks
in 2" and 3™ web, longitudinal cracks above 2™ and
3" void, soffit cracked transversely below 1-3" web.
See App. B, Figs 15-21.

ST4002E

0000

161.0

283

At 136 kN: a longitudinal crack above and below 1*
void, inclined shear crack in 1% web, at 128 kN: an
additional longitudinal crack above 1* void, at 160 kN:
inclined shear crack in 2™ web and longitudinal crack
above 2" void, later strong reduction in load and
rotation of the slab end around 3™ web. See App. B,
Figs 22-27.

ST400E1M

8006

Grouted ends

264.8

283

At 265 kN: a sudden shear failure in the webs and a
longitudinal crack in the soffit below the load, a drop
to 218 kN, an increase to 228 kN, followed by almost
monotonous decrease of load and additional cracking.
See App. B, Figs 36-43.

4.4.3 Deflections

The measured deflections depicted in Figs 61-65 reflect the nonuniform load-sharing in
transverse direction. The lowest (highest) load and smallest (greatest) deflection in Figs
61-65 correspond to uncracked (almost failed) slab.
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Fig. 61. ST400C1. Deflection next to load, measured by transducers 11-135.
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Fig. 62. ST400C2. Deflection next to load, measured by transducers 11-135.
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Fig. 63. ST400E1. Deflection next to load, measured by transducers 11-15.
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Fig. 64. ST4002E. Deflection next to load, measured by transducers 11-15.
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Fig. 65. ST400EIM. Deflection next to load, measured by transducers 8—12.

4.4.4 Shear resistance and torsional stiffness

In Fig. 66 the torsional response of the eccentrically loaded specimens is shown and in
Fig. 72 and 73 compared with that obtained from previous pure torsion tests [5]. The
zone b < x <L, see Fig. 38, is considered from start until cracking. The torque in Figs
66 and 72-73 is calculated from Eqs 3—5 until cracking of active end, and after cracking
from Eqs 1 and 2 where GI, equal to a typical secant torsional stiffness value obtained
before cracking is used. The values of G/, used in this stage, and loads they correspond
to, are given in Table 6. The curves, especially that of test ST4002E show somewhat
softer behaviour than the curve representing pure torsion tests.

Fig. 67 shows the load-rotation relationship for all 400 mm slabs with parallel supports.
Here the rotation means the difference @—¢y, see Fig. 38. In centrally loaded slabs the
rotation is small when compared with the rotation observed in excentrically loaded
slabs. Before cracking the differences in eccentrically loaded slabs are small.
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Table 6. Load corresponding to first cracking Fopaer, failure load F,ps, shear force at
support at failure Vo, F for calculating GI, and GI, for calculating M, ops.

F crack F, max Vobs F for Glt GII
kKN | kN | kN kN MNm’
ST400C1 218.5 2583 | 407.2 - -
ST400C2 196.1 272.8 | 402.2 - -
ST400E1 147.5 166.3 | 257.2 147.5 114.9
ST4002E 136.0 161.0 | 254.7 70.9 100.2
ST400E1IM | 264.8 | 264.8 | 280.6 - -
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Fig. 66. Torque-0 relationship for eccentrically loaded 400 mm slabs.
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Fig. 67. Load-rotation relationship for 400 mm slabs.
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4.5 Tests ST400G
4.5.1 About initial cracks

Before loading, a longitudinal crack in the concrete was observed above one of the
outermost hollow cores at both ends of both 400 mm slab units. The reasons for such a
cracking are discussed in [5]. These initial cracks were typically 300-500 mm in length
and 0,2 mm in thickness. At the tilted end the load was placed on the opposite side of
the initial crack. The length of the initial crack remained unchanged and obviously the
crack had no effect on the failure load.

4.5.2 About loading

The rate of loading is given in Fig. 68. Photographs about tests are shown in App. B,
Figs 44—63. The measured loads and displacements are given graphically in App. E. The
ultimate loads and observation made during the tests are summarized in Table 7. In both
tests the observed resistance was considerably lower than that typical of tests with a
similar transverse line load but without torsion.
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Fig. 68. Rate of loading in tests ST400G.
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Table 7. Failure load Fpu = Puax T Peg (Peq is the weight of loading equipment),
maximum shear force, maximum torque Tmax and description of response. The webs
and voids are numbered starting from the right. P, =1.18 kN.

Fuax | Vimax | Twmax | Description
kN kN mm

ST400G1 | 336.0 | 3054 | 67.20 | At P; = 297 kN: an inclined flexural-torsional
crack below the load, followed by reduction of
load until 273 kN. At P; = 334,8 kN a sudden
shear-torsion failure in the webs. See App. B,
Figs 49-55.

ST400G2 | 360.3 | 326.3 | 72.06 | At P; = 313 kN: an inclined flexural-torsional
crack below the load, followed by reduction of
load until 284 kN. At P; = 357,2 kN a shear-
torsion-anchorage failure close to the central
load P;. See App. B, Figs 56-63.

In test ST400G1 the failure was a clear shear-torsion failure in the webs. On the other
hand, in test ST400G2 the failure mode is more difficult to classify. As in test
ST400G1, the first crack appeared in the soffit below the line load. This helical crack
increased in width until failure. At P; = 357,2 kN a new inclined shear crack appeared
in the web between the existing crack and the support on the South end of the slab. This
crack was a consequence of the failure rather than a reason to it because on this edge the
increasing torsion tended to prevent such a cracking.

The measured deflections at three different levels of load P,, depicted in Figs 69-70,
illustrate the nonuniform load-sharing in transverse direction. The lowest (highest) load
and smallest (greatest) deflection correspond to uncracked (almost failed) slab.

Transducer
31 32 33 34 35 36 37
] —0—151kN
| | —=—297 kN

—a— 334 kN

Deflection [mm]

Fig. 69. ST200G1. Deflection next to load, measured by transducers 31-37.
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20
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25

Fig. 70. ST200G2. Deflection next to load, measured by transducers 31-37.

Figs 71-73 illustrate the response of all twisted 400 mm slabs. The length of the span
considered is of the order of 6 m. In pure torsion tests [5] this means the whole twisted
span, in other tests the span between the shear load and the passive end (ST400E1, 2E,
E1IM) or tilted end (ST400G1, G2). Fig. 71 shows the torque-@ relationship for tests
with one tilted support. The same curves are also shown in Fig. 72 but the curves for
pure torsion tests include only the first monotonous part before the first unloading
during the cyclic loading phase. Curves for tests with parallel supports are also
incorporated. Fig. 73 shows the lower left corner of Fig. 72 in a larger scale.

The slabs in tests ST400G were roughly one year older than those in eccentric shear
tests. Due to this, the concrete strength was higher in the former tests, but the moderate
difference in the strength alone does not explain the major difference in the observed
torsional stiffnesses. It is possible that in eccentrically loaded shear tests the transverse
bending due to concentrated loads contributed to the measured displacements
effectively and reduced the apparent torsional stiffness.

In the pure torsion tests PT400 the slab concrete was slightly weaker than that in tests
ST400G. In the pure torsion tests the prestressing force was only 45% of that in tests
ST400G. These two differences do not, however, explain why the torsional stiffness in
the pure torsion tests was so much lower than that in tests PT400G, not only after cyclic
loading stage in pure torsion tests but also before the first unloading, see Figs 72 and 73.
A nonlinear FEM analysis on each test might give an answer to the observed
differences.
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Fig. 71. Torque-0 relationship in tests ST400G and PT400.
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§ 50 —— ST400E1
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Fig. 72. Torque-8 relationship in tests on 400 mm slabs.
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Fig. 73. Torque-@ relationship in tests on 400 mm slabs, lower lefi corner of previous
figure.

4.6 Shear flexure test on 400 mm slab

The rate of loading is given in Fig. 74.

The first flexural cracks were observed at P = 89.5 kN. The load decreased temporarily
until 86 kN. At P = 90 kN an inclined shear crack in the 5™ web and a longitudinal
crack below the 4™ void were observed. The flexural cracks increased in number and
width. Suddenly, at P = 108.1 kN, the Eastern end of the slab failed in shear. Instead of
a flexural shear failure, a shear tension failure took place. Photographs are shown in
App. B, Figs 28-35. The measured deflections are given graphically in App. F.
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Fig. 74. Rate of loading.

The measured self weight of the slab was g;=4.99 kN/m and the weight of the loading
equipment P, = 0.3 kN per each point load P. From this data and from the measured
loads the observed shear resistance (support reaction) and flexural resistance in the mid-
span given in Table 8 are obtained. The predicted flexural resistance M, . is calculated
using the nominal geometry of the cross-section and nominal 0.2% yield strength of the
prestressing steel = 1630 MPa. It is obvious that the strands had not started to yield at
failure.

Table 8. Point load at cracking (Firackops) and at failure >(F,.»s), shear force at
cracking (Verack.ons) and at failure V,, qps, bending moment at cracking (M. ack.0ns) and at
failure (M, 0bs), as well as predicted flexural resistance (M, p,g.

F, crack,obs F, u,0bs Vcrack, obs Vu obs M, crack,obs M, us obs M, u,pre
kN kN kN kN kNm kNm kNm
89.8 108.4 197.1 234.3 421.3 486.4 566.0

Before loading similar initial cracks were observed in the slab as in shear tension tests,
see Section 4.4. In this test the initial crack at the Eastern end (left end in Fig. 37) was
part of the failure crack and may have reduced the observed resistance of the slab end.

4.7 Data about concrete

The strength of the concrete in slab elements was measured from drilled cores which
were still wet due to the drilling and sawing when tested. The strength of the grouting
concrete was measured from 150 mm cubes. For all specimens the measured strength,
see Tables 9-19, was typical of normal production.
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Table 9. Strength and density of 50 mm cores drilled from slab unit ST200E1b and
tested on 26™ of August 2002.

Specimen Strength Density

MPa kg/m3

B1 60.0 2440

B2 70.0 2440

B3 67.0 2400

B4 69.5 2420

B5 64.0 2400

B6 68.0 2420

Mean x 66.4 2420
Standard deviation s 3.8 18

Characteristic strength 60.1
fck,C5() = x—1.65s

Table 10. Strength and density of 50 mm cores drilled from slab unit STS200C and
tested on 26" of August 2002.

Specimen Strength Density
MPa kg/m3
S1 70.0 2400
S2 81.0 2390
S3 72.5 2410
S4 82.5 2400
S5 78.0 2380
S6 74.0 2400
Mean x 76.3 2397
Standard deviation s 5.0 10
Characteristic strength 68.2
ﬁk’c_ﬁ'o =x—1.65s
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Table 11. Strength and density of 50 mm cores drilled from slab unit ST4002E and
tested on 30™ of August 2002.

Specimen Strength Density
MPa kg/m3
Al 61.0 2410
B2 60.0 2390
C3 56.5 2430
D4 66.5 2450
E5 57.0 2420
F6 68.5 2430
Mean x 61.6 2422
Standard deviation s 4.9 20
Characteristic strength 53.4
fck,C50 = x—1.65s

Table 12. Strength and density of 50 mm cores drilled from slab unit ST400EIM and
tested on 21 of October 2002.

Specimen Strength Density
MPa kg/m3
Ml 76.5 2460
M2 73.5 2350
M3 76.5 2450
M4 72.0 2480
M5 76.5 2480
M6 79.0 2450
Mean x 75.7 2462
Standard deviation s 2.5 15
Characteristic strength 71.5
ﬁk’c_ﬁ'o =x—1.65s
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Table 13. Strength and density of 150 mm cubes cast from the grouting concrete in test
ST400EIM and tested on 18" of October 2002.

Specimen Strength Density
MPa kg/m3
HK1 34.5 2240
HK2 35.0 2270
HK3 355 2270
HK4 35.0 2260
HKS5 355 2280
HK6 35.5 2270
Mean x 35.2 2265
Standard deviation s 0.4 14
Characteristic strength 34.5
fck,C50 = x—1.65s

Table 14. Strength and density of 50 mm cores drilled from slab unit ST200EIM and
tested on 9™ of June 2003.

Specimen Strength Density
MPa kg/m3
EM1 74.5 2370
EM2 69.5 2350
EM3 66.5 2320
EM4 68.5 2330
EM5 69.0 2340
EM6 58.5 2340
Mean x 67.8 2342
Standard deviation s 53 17
Characteristic strength 59.1
ﬁk’c_ﬁ'o =x—1.65s

Table 15. Strength and density of 150 mm cubes cast from the grouting concrete in test
ST200EIM and tested on 5" of June 2003

Specimen Strength Density
MPa kg/m3
K2 34.0 2260
K3 34.5 2250
K4 36.5 2300
Mean x 35.0 2270
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Table 16. Strength and density of 50 mm cores drilled from slab unit ST400G2 and
tested on 21 of August 2003.

Specimen Strength Density
MPa kg/m3
G21 70.5 2300
G22 75.5 2300
G23 73.5 2320
G24 73.5 2330
G25 67.5 2320
G26 71.5 2340
Mean x 72.0 2318
Standard deviation s 2.8 16
Characteristic strength 67.4
fck,C50 = x—1.65s

Table 17. Strength and density of 150 mm cubes cast from the grouting concrete in tests
ST400G on 8™ of August and tested on 19" of August 2003.

Specimen Strength Density
MPa kg/m3
P1 8.8.03 31.0 2290
P2 8.8.03 31.0 2280
P3 8.8.03 28.5 2240
Mean x 30.2 2270

Table 18. Strength and density of 50 mm cores drilled from slab unit ST200E2M and
tested on 4™ of December 2003.

Specimen Strength Density
MPa kg/m3
F1 54.0 2400
F2 53.0 2410
F3 51.5 2380
F4 55.0 2410
F5 54.0 2410
F6 53.5 2410
Mean x 53.5 2403
Standard deviation s 1.2 12
Characteristic strength 51.5
_f;k,Cﬂ) = x—1.65s
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Table 19. Strength and density of 150 mm cubes cast from the grouting concrete in test
ST200E2M on 24™ of November and tested on 2™ of December 2003.

Specimen Strength Density

MPa kg/m3
2 32.0 2240
3 30.0 2230
4 30.5 2210
5 30.0 2220
6 29.0 2230

Mean x 30.3 2226
Standard deviation s 1.10 11
Characteristic strength 28.5
fck,C5() = x—l .65S

Both slip-formed 200 mm slabs and all 400 mm slabs were sawn from the same casting
bed and from the same casting lot. So were also all extruded 200 mm slabs except the
slab in test ST200E2M. Most tests were carried out in August 2002 but ST400E1M in
October 2002, ST200E1M in June 2003, ST400Gl and G2 in August 2003 and
ST200E2M in December 2003.

The development of slab strength measured from drilled cores is illustrated in Figs 75
and 76. The concrete in extruded 200 mm slabs seems to have hardened only slightly in
ten months, but the concrete in 400 mm slabs has gained more than 20% additional
strength from August 2002 to October 2002. A similar conclusion can be drawn from
the results of pilot floor test [6]. It is not typical that slabs from the age of two months to
the age of three months and a half gain so much strength when rapidly hardening
cement is used. It is possible that the cores taken in August from slab ST4002E have
been drilled from a local weak zone.
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Fig. 75. Development of mean and characteristic core strength (50 x 50 mm cores) in
extruded 200 mm slabs.
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Fig. 76. Development of mean and characteristic core strength (50 x 50 mm cores) in
400 mm slabs.

4.8 Notes on results
The test specimens seemed to be typical of normal production, the strength of the
concrete was high enough and the initial slippage of the strands was small in all
elements. The loading and measuring equipment worked as intended with some

insignificant exceptions.

No punching failure was observed in the tests except in test ST200E2M in which a
mixed shear-torsion-punching failure took place, see Fig. 77.
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ca. 130
(after peak load

Fig. 77. Cracking pattern at failure in testST200E2M. The dashed lines represent
cracks on nonvisible surfaces.

In tests ST200E1M, ST200E2M and ST400E1M the slab elements were supported on
mortar bed and their ends were grouted. In tests ST400G1 and ST400G2 the slabs were
placed on soft wood fibre strips and their ends were grouted. In the rest of the tests the
slabs were supported on neoprene strips 10 mm in thickness with no end grouting. The
soft bearing and concentrated loads in the latter tests together with missing end grouting
resulted in longitudinal cracking of slab ends in transverse bending. This explains why
the failure load in tests ST200E1M, ST200E2M and ST400E1IM with less deformable
mortar bearing and end grouting was considerably higher than in other tests with point
loads and with the same or no eccentricity.

In test STS200C a transverse flexural crack appeared below the load at ultimate load.
This was followed by slippage of strands and a shear tension failure in a few webs at a
lower load. In tests STS200E1 and SF400C transverse flexural cracks were observed in
the soffit before ultimate load. Despite these cracks, the failure mode was web shear
failure near support which was the failure mode in other tests, too.

When comparing the deflections of 200 mm and 400 mm slabs it looks like the point

loads in 400 mm slabs were less uniformly shared in transverse direction than those in
200 mm slabs.
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5. Analysis of shear tension tests

It is assumed that the strength measured from 50 mm drilled cores gives directly the
cubic strength measured from 150 mm cubes and that the lower characteristic cylinder
strength fix cz50 (150 mm x 300 mm cylinders) is equal to 85% of the cubic strength. In
this way, fex c150 given in Table 20 is obtained. From this, the mean tensile strength

fctm = 030ﬁi{63'150 (10)

Jfekc1s0 < 50 MPa and the lower characteristic tensile strength

(11)

+8MP,
fczm = (2-12MPa)ln 1+ fck,C1so a
10MPa

for fixciso > 50 MPa are obtained according to Eurocode 2 [4] (EC2). The tensile
strength calculated according to CEB Bulletin 228 [1] (CEB228) and given by

0.6
fck,ClSO + SMPaj (12)

f.. =03178MPa
|MPa

is also used to show how much the assumed tensile strength affects the results.
However, when calculating according to Eurocode 2 in the following, Eq. 10 is also
applied to strengths higher than 50 MPa to eliminate the discontinuity between
expressions 10 and 11 at 50 MPa when the difference between the mean and
characteristic strength is different from 8§ MPa.

The elasticity modulus of concrete is calculated according to the Model Code [2] from
f. +8MPa)"”
E, =0.85-(21.5GPa)-| 2¢ """ = (13)
10MPa

where the factor 0.85 takes into account the difference between initial and effective
elasticity modulus. Poisson's ratio 0.15 is used for the concrete. Other material parameters
for the concrete are given in Table 20. For the strands, elasticity modulus E, = 195 GPa is

used. The resulting strength and elasticity parameters are given in Table 20.
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Table 20. Measured cylinder strength fu.ciso, elasticity modulus E. and mean tensile
strength foum.

Jfekciso E. Mean tensile strength
MPa GPa MPa
EC2 CEB228

ST200" 51.1 33.0 4.13 3.67
ST200E1M 50.2 32.9 4.08 3.64
ST200E2M 438 32.0 3.73 3.39
STS200% 58.0 343 4.49 3.92
ST400°) 45.4 31.9 3.82 3.46
ST400G 57.3 34.2 4.46 3.90
ST400E1M 60.8 34.8 4.64 4.02

) All extruded 200 mm slabs except ST200EIM and ST200E2M
? Both slipformed slabs
3 All 400 mm slabs except ST400EIM and ST400G

When analysing the effects of the torsion, the traditional simplification illustrated in Fig.
78 is applied.

\Lh totop \Lh \Lt 2,top
4\
\
: /{\ /Ptz bot b J Q‘ 4\ ‘ t2,b0t b R
a) b)

Fig. 78. Transforming a hollow core cross-section (a) into a tubular cross-section (b).

The maximum shear stress 7; ,,, due to M; can be evaluated using

Ml
Tt max = W (14)
t

where the section modulus in torsion for the web is calculated from
W zztl(h_tZ,mXb_tl) (15)
and that for the bottom flange from

Wtz = 2bot( 2mxb (16)

t>m 18 the mean of #5,, and ¢, 5.1, see Fig. 78.
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Table 21 gives both the geometry of the tubular slab cross-section without inner webs
and the resulting geometric moduli. The width and depth of the cross-section are
nominal values. The thickness of flanges and outer webs are means of measured values.

Table 22 gives the cross-sectional characteristics e, A, I and S of the slabs calculated
using the nominal geometry shown in Figs 79-81. The measured average web width b,,
and the average slab weight g,; are also given. These characteristics are used for analysis
of the effects of vertical shear force and bending moment.

For most parameters, the nominal geometry is used instead of measured geometry
because

- when compared with other sources of error like transfer of prestressing force, tensile
strength of concrete etc., the cross-sectional characteristics e, S/1, A and W (section
modulus), and hence the calculated stresses are not sensitive to the measured small
deviations from the nominal geometry

- the top surface of the slab is curved, see e.g. Fig. 4 in App. A, the real geometry does
not correspond to any regular geometric figures and a significant improvement in the
accuracy would require much more sophisticated measurements and numerical
analyses of results than those within the scope of the present project.

The measured web width b,, and position of the strands are used in the analysis because
the results are sensitive to them. The measured average weight of the slabs is also used
because it is easy to measure. Other parameters of the slab cross-sections, see App. C,
were measured to justify the use of nominal geometry in calculations.

The transfer length /,, is calculated according to Eurocode 2 from

B a,,9-(0,,—Ac,,)
e 0301225/ 7.)

(17)

where the following parameters are applied here: a; = 1.25, a, = 0.19, o,—-A40; 1s the
tendon stress after the release = o;,0-50 MPa, n,; = 3.2, n; = 0,7 and fuc 50 1 the
characteristic strength at the release of the prestressing force. The strength at the release
of the prestress, is assumed to be 70% of the cylinder strength at the age of 28 d.
Including y. in expression 3 is confusing, because later in the code it is stated that " The
design value of transmission length should be taken as the less favourable of two values,
depending on the design situation: /,;; = 0.8/, or l,, = 1.2[,.” This suggests that the
characteristic value for /,, is obtained using a nationally determined safety factor which
cannot be tuned for the transfer length only. The transfer length is calculated here using
7%= 1.0 and 1.5. In this way the transfer lengths given in Table 22 are obtained.
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Table 21. Geometry and torsional characteristics of tubular cross-section. Width b and
depth h of whole section, thickness of web t;, thickness of bottom flange t; »o; and that of
top flange 15y, torsion modulus I; as well as section moduli in torsion W, (web) and
W, (bottom flange). Measured values are in italics. Slabs belonging to different casting
lots are separated with continuous, horizontal lines.

b h t 1,web tZ, bot tZ, top 1, t Wt] WtZ
mm | mm| mm |mm| mm mm? mm?3 mm3
ST200C 1160| 200| 28.7| 23.7| 23.8] 1.48-10°| 1.14-10’| 9.48-10°

ST200E1 1160 200| 28.7| 23.7| 23.8] 1.4810°| 1.14107| 9.48-10°
ST200E1b | 1160 200| 28.7| 23.7| 23.8| 1.48-10°| 1.14-107| 9.48-10°
ST200E2 1160 200| 28.7| 23.7| 23.8| 1.4810°| 1.14-10"| 9.48-10°
ST200EIM | 1160 200| 28.7| 23.7| 23.8] 1.48-10°| 1.14-10°| 9.48-10°
ST200E2M | 1160 200| 40.0| 28.8| 31.0| 1.74-10°| 1.52-10°| 1.14-10’
STS200C 1155 200| 64.5| 38.1] 35.2| 1.97-10°] 2.30-10"| 1.31-10
STS200E1 | 1155 200| 64.5| 38.1] 35.2| 1.97-10°| 2.30-10°| 1.31-107
ST400C]1 1160| 400 51.6| 37.7| 383 894.10°| 4.1510"| 3.06-10’
ST400C2 1160 400| 51.6| 37.7| 38.3| 8.94.10°| 4.1510"| 3.06-10’
ST400E1 1160| 400| 51.6| 37.7| 38.3| 8.94.10°| 4.15-107| 3.06-10’
ST4002E 1160 400| 51.6| 37.7| 383 8.94-10°| 4.15-107| 3.06-10’
STAQOEIM | 1160| 400| 51.6| 37.7| 383 8.94.10°| 4.15:10| 3.06-107
ST400G1 1160 400| 571.0| 37.4| 38.1| 8.85-10°| 4.108-10"| 3.03-10’
ST400G2 1160 400| 51.0| 37.4| 38.1| 8.85-10°| 4.108-107| 3.03-10’

I

1397 125 1160

A

Fig. 79. Geometry of extruded 200 mm slabs used for calculation of cross-sectional
characteristics.
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Fig. 80. Geometry of slipformed 200 mm slabs used for calculation of cross-sectional
characteristics.

el

Figure 81. Geometry of 400 mm slabs used for calculation of cross-sectional
characteristics. Note that there are two different types of hollow core.
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Table 22. Self weight of slab gy, eccentricity of strands ey, and that of upper wires
€p,iop, SUm of web widths b,, cross-sectional area A, distance from centroidal axis to
bottom fibre e, second moment of area 1, first moment of area S and transfer length l,.
Measured values are in italics. e,p, and e, are calculated from nominal e and
measured average position of strands. Slabs belonging to different casting lots are
separated with continuous, horizontal lines.

g5l | epbor |€prop| Dy A e I S It

kN/ m mm | mm | mm 1’1’11’112 mm 1‘1’11’1’14 mm3 mm
ST200C 2.804| 56.4 22811.22:10° | 96.1|6.12:10%] 4.01-10°7 | 385
ST200Ela |2.804| 56.4 22811.22:10° | 96.1|6.12:10% | 4.01-10°7 | 385
ST200E1lb |2.804| 56.4 22811.22:10° | 96.1|6.12:10%| 4.01-10°7 | 385
ST200E2 | 2.804| 56.4 22811.22:10° | 96.1|6.12:10% | 4.01-10°7 | 385
ST200EIM |2.784| 56.4 22811.22:10° | 96.1|6.12:10% | 4.01-10°7 | 385
ST200E2M |2.857| 54.9 278 1.39:10° | 96.1]6.60-10% | 4.43-10°7 | 427

STS200C |3.342| 48.6|-693| 367 | 1.47-10° [ 100.0 | 6.83-10° | 4.64:10° | 354
STS200E1 |3.342| 48.6|-693| 367 |1.47-10° [ 100.0 | 6.83-10° | 4.64:10° | 3547

ST400C1 [5.010] 168.9 275 (2.13-10° [ 204.9 | 4.48-10° | 1.43-10" | 466
ST400C2 | 5.010| 168.9 2752.13:10° | 204.9 | 4.48-10° | 1.43-107 | 466
ST400E1 | 5.010| 168.9 275(2.1310° [ 204.9 | 4.48-10° | 1.43-10" | 466
ST4002E | 5.010| 168.9 275(2.13-10° | 204.9 | 4.48-10° | 1.43-10" | 466
ST400EIM |5.010| 168.9 2752.13:10° | 204.9 | 4.48-10° | 1.43-10" | 466
ST400G1 [4.930| 168.9] | 273 12.13:10°204.9 | 4.4810° | 1.43:10" | 466
ST400G2 | 4.940| 168.9 27312.13:10° | 204.9 | 4.48-10° | 1.43-10" | 466

") First moment of area above the thinnest part of the web
" Lower strands, Ly = 203 for upper wires

In Table 23 the predicted torsional stiffness is compared with the experimental values
obtained from the present tests, see Tables 4 and 6 and previous pure torsion tests [5]. In
the pure torsion tests the slab cross-sections were identical to the extruded cross-
sections in the present tests with the exception that the number of strands in 400 mm
slabs was five instead of eleven in the present tests.

The observed stiffness given in Table 23 is the secant stiffness determined before the
first cracks appeared. In pure torsion tests the whole span, in the other tests the span
between the shear load and the distant support is considered. The secant stiffness is
solved from Eq. 1.

The torsional stiffness observed in pure torsion tests and in tests ST400G exceeded the

stiffness observed in shear torsion tests on neoprene bearing and ST400EIM. In
addition to the unavoidable scatter in all experimental results, the different test
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arrangements may explain the difference. The way of measuring the angle of twist, see
Section 4.2, is not accurate, because it is also affected by the transverse bending. In pure
torsion tests and in tests ST400G the slabs were not subjected to transverse bending.
Therefore, the observed stiffness for these tests is more reliable than that for the other
tests in which the concentrated loads gave rise to transverse deformations which are not
present in pure torsion. In other words, the slabs in the shear torsion tests behaved partly
as slabs, those in pure torsion tests and tests ST400G mainly as beams. Consequently,
the deflection of a hollow core slab cannot be accurately predicted by modelling it as a
beam with longitudinal bending and torsional degrees of freedom only.

Table 23. Observed (Gl o) and predicted (Gl ) torsional stiffness as well as
torsional stiffness Gl .ps. pr 0bserved in previous pure torsion tests.

G]t,obs GIt,obs,PT Gll,pre GI t,pre

MNm® | MNm® | MNm? | oo
ST200E1la 20.9 31.5 21.1 1.01
ST200E1b 27.1 21.6| 0.80
ST200E2 25.8 21.0; 0.81
ST200E1M 35.0 21.6| 0.62
ST200E2M | 25.4D 214 0.84
22.3%) 0.96
STS200E1 37.1 31.0f 0.83
ST400E1 114.9 133.9 122.1 1.06
ST4002E 73.5 123.9 1.68
ST400E1M 124.8 131.3 1.05
ST400G1 203.1 1379  0.68
ST400G2 186.0 136.5 0.73

1) Obtained from displacements measured by transducers 41, 47, 7 and 10, see Fig. 21
2) Obtained from displacements measured by transducers 51, 57, 7 and 10, see Fig. 21

In tests ST200E1M, ST200E2M and ST400E1M the cast-in-situ concrete stiffened the
slab ends against transverse bending. The supporting beams provided the slab with a
longitudinal, partial restraint which also reduced the deflections of the slab. In tests
ST200E1M and ST400EIM these two restraints are reflected in the observed torsional
stiffness which is higher than in the tests with neoprene bearing. Odd enough, no such
stiffening was observed in test ST200E2M.

In Table 24 the observed torque at failure is given. It is calculated from test results
either using Eqs 1, 4 & 8 and GI, s from Table 23 (active end cracked before failure),
or applying Eqs 3, 4 & 5 directly to the measured loads and displacements (slab
uncracked until failure).
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Table 24. Observed torque M, s and shear resistance Vs (shear force at support) at
failure as well as equations used for calculating M, ,ps.

M, ops Vobs Equations

kNm kN
ST200C - 135.8 -
ST200E1a 17.03 103.0 3,4&5
ST200E1b 14.23 95.7 1,4&8
ST200E2 18.95 69.6 1,4&8
ST200E1M 26.02 154.6 3,4&5
ST200E2M 42.44 128.0 1,4&8
STS200C - 126.3 -
STS200E1 31.83 130.0 1,4&8
ST400C1 - 238.9 -
ST400C2 - 2514 -
ST400E1 34.92 160.1 1,4&8
ST4002E 38.26 155.5 1,4&8
ST400E1M 64.55 244.5 3,4&5
ST400G1 67.20 305.4 1,4&8
ST400G2 72.06 326.3 1,4&8

The observed torque and shear resistance (shear force at support) are compared with the
predicted values in Figs 82—88. The predicted values are calculated using two different
tensile strengths, the mean tensile strength according to Eq. 10 (from Eurocode 2 [4]) or
according to Eq. 11 (from CEB Bulletin 228 [1]). It is also assumed that

- the strength is that measured for ST200E1b (Fig. 82), ST200E1M (Fig. 83),
ST200E2M (Fig. 84), STS200C (Fig. 85), ST4002E (Fig. 86), ST400EIM (Fig. 87)
and ST400G2 (Fig. 88)

- the losses of prestress are
= 150 MPa for tests ST200E1M and ST400G
=100 MPa for other tests

- the prestress is transferred linearly

- for each slab type the cross-sectional characteristics given in Tables 21-22 are used.

The limit states considered in Figs 82—88 are cracking in the webs and cracking in the
bottom flange below the load. Cracking of the webs is considered according to EN1168
[3] at a distance of bs+0.54 from slab end, where b, is 60 mm and 80 mm for 200 mm
and 400 mm slabs, respectively, and % is the slab thickness. For 400 mm slabs the
cracking of webs is also considered according to Yang [8] at a distance of 183 mm from
slab end and 100 mm from the soffit. The normal stresses in slab cross-section at a
distance of x from the slab end are calculated assuming that the cross-section is loaded
by a normal force equal to the prestressing force transferred within the distance x.
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The curves or points referring to the cracking of bottom flange are indicated by bot.fI.
Cracking in the bottom flange does not necessarily mean failure. The criterion for both
considered limit states is the same: cracking takes place when the maximum tensile
stress of the concrete becomes equal to the mean tensile strength ...

The rough assumptions for the losses of prestress mean that the prestressing force may
be slightly under- or overestimated. This has a minor effect on the predicted shear
failure curves in Figs 82—88. The curves representing flexural cracking are more
sensitive to the prestressing. In any case, conclusions can be drawn from the figures
because the error due to the uncertainty of the prestressing force is not significant when
compared with other uncertainties.

The resistance of the bottom flange is not particularly sensitive to the tensile strength
because the compression due to the prestressing force is the prevailing factor affecting
the cracking resistance. This can be seen in Figs 82 and 84 in which one point of the
flexural cracking curve, calculated according to EC2, is shown. It was not considered
necessary to include further points.

ST200 = Observed
60 —0o— Predicted, EC2
—O— Predicted, CEB228
—a— Pre.bot.fl. CEB228

50 -
\ —%— Pre.bot fl EC2
40

E’
x 30 -
s

20 =

[ ]
10
0 ‘ - &:
0 50 100 150 200

V [kN]

Fig. 82. Comparison of predicted and observed results for extruded 200 mm slabs on
neoprene bearing.
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ST200E1M

. = QObserved
—o— Predicted, EC2
. n\ —O— Predicted, CEB228
%\ —a— Pre.bot.fl.CEB228
40
5
£ 30 1
= a
=
20
\
0 o
0 50 100 150 200

V [kN]

Fig. 83. Comparison of predicted and observed results for test ST200E1M.

®  Observed
—o— Predicted, EC2
—O— Predicted, CEB228

—2— Pre.bot.fl. CEB228
50 - —%— Pre.bot.fLEC2
= n
£ 40 \
=
£ 30
p \\43
; \

0 50 100 150 200
V [KN]

ST200E2M

Fig. 84. Comparison of predicted and observed result for test ST200E2M.
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140
120 = s Observed
100 - —o— Predicted, EC2
'g‘ 80 —— Predicted, CEB228
E —a— Pre.bot.fl CEB228
= 60 =
=
40 - \\
a
20 ~ \ \
0 - \A =
0 50 100 150 200 250 300
V [kN]

Fig. 85. Comparison of predicted and observed results for slip-formed 200 mm slabs.

ST400
250
m  Observed
200 - —o— Predicted, EC2
d —— Predicted, CEB228
= 150 | —a— Pred. bot.f.CEB228
g —o— Pred., CEB228,Yang
=,
S 100 -
0 U\”\
L
0 T T b b ;
0 100 200 300 400 500
V [kN]

Fig. 86. Comparison of predicted and observed results for 400 mm slabs on neoprene

bearing.
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ST400E1M

250

|
——Pred,CEB228
200 4 —o—Pred,CEB228,Yang
\ s Obs. ST400E1M
150
100

N
N AN

0 100 200 300 400 500
V [kN]

Mt [kNm]

Fig. 87. Comparison of predicted and observed result for test ST400E1M.

ST400G

—o— Predicted, EC2

200 - —o— Predicted, CEB228

—6— Pred,CEB228,Yang

150 - —a— Pred. bot.f.CEB228
A Obs. ST400G

Mt [kNm]

100 ~

50 - \

0 100 200 300 400 500
V [kN]

Fig. 88. Comparison of predicted and observed results for 400 mm slabs.

For extruded 200 mm slabs, see Fig. 82, one test result (ST200E1a) lies on the curve
corresponding to the tensile strength of CEB228. The other test results lie on the
unconservative side but not too far. It is likely that with more realistic support
conditions, i.e. grouted slab ends and mortar bed below the slab, all points
corresponding to the observed resistance would have been close to the predicted curves.
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In test ST200E1M and particularly in test ST200E2M, see Figs 83 and 84, the observed
test results lies far above the predicted curves for web failure. In the former test the failure
mode was shear failure in web, in the latter test some kind of flexural-shear-torsion-
punching failure. The failure modes are not easily explained by the predicted curves.

For the slip-formed 200 mm slabs, see Fig. 85, the cracking of the bottom flange seems
to precede the failure theoretically. This was also the case in the tests. Whether this type
of cracking corresponds to failure, depends on the anchorage. In test STS200C the
cracking in flexure and the failure took place simultaneously; in test STS200E1 the load
could be increased after the first flexural cracks had been observed. Both test results lie
on the unconservative side of the predicted curves.

In tests STS200, see Fig. 85, the two concentrated loads were closer to each other than
in tests ST200. This explains why, despite the stronger cross-section, the resistance in
test STS200C was lower than in test ST200C: The outermost webs in the slipformed
slabs were considerably thicker than the inner webs. This explains why the observed
shear resistance in test STS200C was lower than that in test STS200E1. In addition,
small eccentricity of the lower strands and existence of the upper prestressing wires
facilitated the cracking in bottom flange.

For extruded 400 mm slabs on neoprene bearing, see Fig. 86, the results of tests are far
from the predicted values and on the unconservative side. On the other hand, the test
with a mortar bearing and grouted ends (ST400E1M, see Fig. 87) as well as those with
wood fibre bearing and grouted ends (ST400G1 and ST400G2, see Fig. 88) gave results
that are closer to the predicted results.

The difference in behaviour of 200 mm and 400 mm slabs can partly be explained by
the fact that the conventional formula for calculating the shear stress in the web from

Vs
T= E (18)
does not take into account the shear stresses due to the stress gradient in the prestressing
steel. Such a gradient has little or no effect in cross-sections like those in slabs ST200 or
STS200, but for slabs of the type ST400 the gradient increases the maximum principal
stress in the web by tens of percent depending on the prestressing force. When the stress
gradient in the tendons is taken into account using Yang's method [8], see Figs 86—88,
the predicted curve for web shear failure comes closer to the observed results but there
is still a considerable gap in Fig. 86. As for 200 mm slabs, this gap can be explained
with the neoprene bearing, at least partly. In tests ST400E1M and ST400G with cast in
situ concrete at the ends of the slab, the test results are clearly on the safe side when
compared with Yang's curve.
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6. Discussion

The tests in which slabs were supported on a neoprene strip without any means to keep
the slab ends undeformed, resulted in a considerably lower load-carrying capacity and
apparent torsional stiffness than what was observed in tests in which the deformation of
the slab ends was restricted by end grouting, stiff beams on the slab end, mortar bearing
or a combination of these aids. The main reason for a premature slab failure on a
neoprene bearing was the longitudinal cracking at slab end due to transverse bending at
support. Longitudinal cracks were observed above or below hollow cores. Such cracks
cut off one or two webs from the rest of the slab which is then too weak to resist the
loading. The results of these tests are not informative for ordinary cases in which the
slab ends are grouted and tied with reinforcement to the surrounding structures. The
results can be used to calibrate computer models, but only in cases in which the
calculation model can be made fine enough to simulate also the transverse bending. For
this reason only the results of tests with grouted slab ends are considered in the
following.

The tests on 400 mm slabs with grouted ends seem to give resistances which are on the
unsafe side when compared with the present design practice specified in EN1168 [3],
but on the safe side, if the method for shear stress calculation proposed by Yang is
applied [8]. On the other hand, the torsional stiffness calculated from the test results
varies a lot. For test ST400E1M the observed torsional stiffness was 5% lower, for test
ST400G1 47% higher and for test ST400G2 37% higher than the predicted stiffness.
Taking the inner webs into account when calculating the stiffness would have increased
not only the predicted stiffness but also the predicted resistance.

In tests ST200E1M and ST200E2M, the only tests on 200 mm slabs with grouted ends,
the observed resistance was higher, and in test ST200E2M considerably higher than the
predicted resistance calculated according to EN1168. Particularly the resistance against
the web failure was 40-90% higher than the predicted resistance of the web. The
horizontal restraint at the slab ends must have had an effect on the observed resistance
but it cannot be so great. Taking into account the contribution of the inner webs would
have increased the predicted resistance and also reduced the gap between observed and
predicted resistances. It would also have increased the predicted torsional stiffness
which was lower than the observed one. The longitudinal restraint provided by the
supporting beams may also have enhanced the observed resistance.

To conclude: the observed resistances in the tests on slabs with grouted ends gave
formally safe resistances when compared with results calculated using elementary beam
theory and common simplifications. However, a more thorough analysis showed
inconsistencies in torsional stiffnesses and observed resistances which suggest that the
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simpliest possible beam theory is too rough to properly model a single hollow core slab
subjected to point loads very close to the support. Obviously the assumptions made
when the elementary torsion theory has been developed are not in force in this case. It is
suggested to analyse the most interesting test using FE method to explain the behaviour.
In addition, it may be necessary to modify the traditional design method for 400 mm
slabs as Yang [8] has proposed.
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Appendix A: Photographs, 200 mm slabs

The numbers on the surface of the slabs refer to the actuator load. They tell the load at
which the crack grew until the indicated position.

Fig. 2. ST200C. Transducers for measuring vertical displacement next to the load.
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Fig. 4. ST200C. Transducers for measuring bond slip and settlement of supports.

A2



Fig. 6. ST200C. First cracks at load P = 112.5 kN.
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Fig. 8. ST200C. Top view. Longitudinal cracks after failure.
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Fig. 9. ST200C. Cracking of soffit.

Fig. 10. ST200Ela. Arrangements.

AS



Ty

et R
o

etk ey o L

Fig. 12. ST200Ela. Cracks in webs after failure.
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Fig. 13. ST200Ela. Cracks after failure. Top view.

Fig. 14. ST200E1a. Soffit after failure.
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Fig. 16. ST200E1b. Northern edge after failure.
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Fig. 17. ST200E1b. Cracking pattern in soffit.

Fig. 18. ST200E1b. Cracking pattern in top flange.
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Fig. 19. ST200E1b. Cracking pattern in webs.

Fig. 20. ST200E2. Arrangements.
A10



B A %, ey
Pt = T L

Fig. 22. ST200E2. Cracking pattern after failure. Northern edge.
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Fig. 23. ST200E2. Top view after failure.

Fig. 24. ST200E2. Soffit after failure.
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Fig. 26. STS200C. Cracking pattern after failure. Northern edge.
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Fig. 28. STS200C. Cracking pattern after failure. Southern edge.
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Fig. 29. STS200C. Cracking pattern after failure. Top view.

Fig. 30. STS200C. Soffit after failure.
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Fig. 32. STS200E1. Cracking pattern in webs after failure.
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Fig. 34. STS200E1. Detail of cracking.
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Fig. 35. STS200E1. Top surface after failure.

Fig. 36. STS200E1. Soffit after failure.
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Fig. 37. ST200EIM. Arrangements at support before grouting.

Fig. 38. ST200EIM. Longitudinal view on arrangements.

Al9



Fig. 39. ST200EIM. Loading.
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Fig. 40. ST200EIM. Measuring deflection. Note the curved top surface of the slab.
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Fig. 41. ST200EIM. Cracking pattern after failure.

Fig. 42. ST200EIM. Longitudinal view after failure.
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Fig. 43. ST200EIM. Cracking pattern between load and support.

Fig. 44. ST200EIM. Top surface after removal of measuring devices.
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Fig. 46. ST200EIM. Soffit after failure.
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Fig. 48. ST200E2M. Arrangements at support before grouting.
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Fig. 49. ST200E2M. Overview on arrangements.

Fig. 50. ST200E2M. Arrangements to spread one actuator load to two point loads.
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Fig. 52. ST200E2M. Loading arrangements.
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Fig. 54. ST200E2M. Cracking pattern after failure.
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Fig. 56. ST200E2M. Cracking pattern after failure.
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Fig. 57. ST200E2M. Cracking pattern after failure.

Fig. 58. ST200E2M. Cracking pattern after failure.
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Fig. 59. ST200E2M. Cracking pattern after failure.
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Appendix B: Photographs, 400 mm slabs

The numbers on the surface of the slabs refer to the actuator load. They tell the load at
which the crack grew until the indicated position.

Fig. 2. ST400C1. Northern edge after failure.
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Fig. 3. ST400C1. Cracks in webs after failure.

| Yoy

Fig. 4. ST400C1. Cracks in webs after failure.
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Fig. 5. ST400C1. Top surface after failure. Note the letter A on the upper left corner of
the figure. Before loading there was an initial crack from the slab end to letter A.
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Fig. 6. ST400C1. Top surface and soffit seen from below.
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Fig. 7. ST400C2. Arrangements.

Fig. 8. ST400C2. Southern edge after failure.
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Fig. 9. ST400C2. Soffit after failure seen from the North.
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Fig. 10. ST400C2. Cracks in webs after failure.
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Fig. 12. ST400C2. Northern edge after failure.
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Fig. 13. ST400C2. Soffit after failure. See also Fig. 45.
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Fig. 14. ST400C2. Top surface after failure. A thin crack until letter A was observed
before loading.
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Fig. 16. ST400E1. Cracks at the end after failure.
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Fig. 17. ST400E1. Northern edge after failure.

Fig. 18. ST400E1. Webs after failure.
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Fig. 19. ST400E1. Webs after failure.

Fig. 20. ST400E1. Top surface after failure. Note the initial crack, marked with A on
the upper right corner of the figure.
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Fig. 21. ST400E1. Soffit after failure.

Fig. 22. ST4002E. Arrangements.
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Fig. 24. ST4002E. Cracks in webs after failure.

B12



Fig. 25. ST4002E. Northern edge after failure.

Fig. 26. ST4002E. Top surface after failure. Note the thin crack at the upper right
corner of the figure. This crack existed before loading.
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Fig. 27. ST4002E. Soffit after failure.

Fig. 28. SF400C. Arrangements.
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Fig. 30. SF400C. Southern edge after failure. Before loading there was an initial crack
above the first hollow core in the front. It extended ~450 mm from slab end to the span.
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Fig. 31. SF400C. Failure mode.

Fig. 32. SF400C. Flexural cracks in mid-span, Northern edge.
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Fig. 33. SF400C. Flexural cracks in mid-span, detail of Fig. 68.

Fig. 34. SF400C. Flexural cracks in mid-span, detail of Fig. 68.
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Fig. 36. ST400EIM. General view.
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Fig. 37. ST400EIM. Well-compacted grout below the slab end.

Fig. 38. ST400EIM. Shear crack after failure.
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Fig. 40. ST400EIM. Cracks on the top after unloading.
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Fig. 43. ST400EIM. Cracking of the top surface after unloading. Note the letter A on
the upper left corner of the figure. Before loading there was an initial crack from the
slab end to letter A.

Fig. 44. ST400G. Arrangements before grouting.
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Fig. 46. ST400G. Auxiliary beam for creating eccentric load at sheared end.
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Fig. 47. ST400G. Arrangements at sheared end.
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Fig. 48. ST400G. Arrangements at tilted end.
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Fig. 50. ST400G1, North edge, first cracks.
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Fig. 52. ST400G1, North edge, cracks after failure.
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Fig. 54. ST400G1, North edge, failure cracks.
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Fig. 56. ST400G2, North edge, cracks before failure.
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Fig. 58. ST400G2, North edge, cracks after failure.
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Fig. 60. ST400G2, South edge, cracks after failure.
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Fig. 61. ST400G2, South edge, detail of failure cracks.

Fig. 62. ST400G2, top surface, cracks after failure.
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Fig. 63. ST400G2, top surface, cracks after failure.
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Appendix C: Measured geometry of slabs

In the following figures prestress refers to the nominal prestress in the strands after
pretensioning (initial prestress). The underlined values refer to initial slippage of the
strands. The strands are made of seven wires. The cross-sectional area of a strand is 93

2
mm .

End 1 was in all shear tests the active end and in test SF400C the Eastern end that
failed. In tests STG400G1 and ST400G2 End 1 was the twisted end.

ST200C
Lower strands: 7d 12,5, prestress= 900 MPa Length: 7054 mm
Mess : 2000kg
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Fig. 1. ST200C.



ST200E1

Lower strands: 7d 125, prestress = 900 MPa Length: 7050 mm
Mess : 2020kg
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Fig. 2. ST200EIa.
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ST200E1b

Lower strands : 7d 12.5, prestress= 900 MPa Length: 7056 mm
Mess : 2020kg
END1/EDCGEA1 END1/EDCGE?2

1154 (1161 at rickceptt)

A A T T LT e
B AR LA

PN

7 & % | % %
% 25 43 601 781 o7 1%
/N N N R 4 0
o | - i /1 A 7
{ 1% )
/‘ /1
2! ! END2/EDGE2

1156 (1150 at rrickcepth)

= 2 ) ) J/198 3
® 285@%% L ‘@34 1% %33 154 %34@ %35@ 3 %27 18
e e e e e e

— 23 2 25 /P 25 zn A
oA 25 43 601 _ o o
> % A > N N N
o | i i 7 7 71
3 197 )
/1

Fig. 3. ST200E1D.
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ST200E2

Lower strands: 7d 12.5, prestress= 900 MPa Length: 7063nm
Mess : 2020kg
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Fig. 4. ST200E2.
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STS200C
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Length: 7028 mm
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STS200E1

Lower strands: 8d12.5, prestress= 00 MPa Length: 7046 mm
Upper wires : 6d 6, prestress = 700 MPa Mess : 2390kg
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ST200E1M

Lower strands : 7d 12.5, prestress = 900 MPa Length: 7055 mm
Mess : 2000 kg
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ST200E2M

Lower strands : 7d 12.5, prestress = 900 MPa Length: 7045mm
Mess : 2050 kg
END1/EDGE 1 END1/EDGE2
| 1159 (1157 at rrid-depth) |
7 7
3 €0 3 D € 2

193

192

20/ ]

K
138 141
TN

SL

\l

05 0-5&/0.4 04 03 /9@& 09% o
P e e et S Rl e B
% p 2 | 3 31 P
60 228 414 50 783 971 1146
VN N N N AN| N
/1 /1 /1 /1 Al /l
) 1% |
/1
END2/EDGE1 END2/EDGE?2
1188 (1157 at rrickdepth) ‘
A
31 2 3 [P |3 60 8

© T ¥ 0 3
Ny N NN

&%\ 08 04 04 04 %k 05@ he

O O O @)
El ] ] 4] #] R Te

27 8 2B 0 0 2

60 29 415 600 788 970 1148
VN N N N N AN N
/ /1 I /1 /1 /1 Al /1
, 1% y

/

Fig. 8. ST200E2M.

C8



ST400CT

Length: 7083 mm

Lower strands: 11d 125, prestress= 1000 MPa

Mess : 3630kg
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ST400C2

Length: 7082 mm

Lower strands: 11d 125, prestress= 1000 MPa

Mess : 3610kg
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Fig. 10. ST400C2.

C10



ST400E1

Length: 7075 mm

Lower strands: 11d 125, prestress= 1000 MPa

Mess : 3600kg
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ST4002E

Length: 7075 mm

Lower strands: 11d 125, prestress= 1000 MPa

Mess : 3620kg
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ST400ETM

Length: 7077 mm

Lower strands: 11d 125, prestress = 1000 MPa

Mess : 3610kg
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SF400C

Length: 7083 mm

Lower strands: 11d 125, prestress= 1000 MPa

Mess : 3600kg
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Appendix D: 200 mm slabs, measured
displacements in shear torsion tests

The load is the actuator load without weight of loading equipment. The following terms
are used for different measured displacements:

- deflection: vertical displacement of slab

- transverse horizontal displacement: horizontal displacement perpendicular to the slab

- longitudinal horizontal displacement: horizontal displacement of supporting beam
parallel to longitudinal axis of slab

- slippage of strand: displacement of strand end relative to the surrounding concrete.
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Fig. 1. ST200C. Deflections at supports. Transducers 1—4.
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Fig. 2. ST200C. Transverse horizontal displacements. Transducers 5 and 6.
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Fig. 3. ST200C. Deflections close to load. Transducers 11-17.
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Fig. 4. ST200C. Slippage of strands. Transducers 21-27.
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Fig. 5. ST200C. Slippage of strands. Transducers 21-27.
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Fig. 6. ST200Ea. Deflections at supports. Transducers 1—4.
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Fig. 7. ST200E1a. Transverse horizontal displacements. Transducers 5 and 6.
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Fig. 8. ST200Ela. Deflections close to load. Transducers 11-17.
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Fig. 11. ST200E1a. Slippage of strands. Transducers 21-27.
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Fig. 12. ST200E2. Deflections at supports. Transducers 1—4.
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Fig. 21. ST200E1b. Transverse horizontal displacements. Transducers 5—6.
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Fig. 22. ST200E1b. Deflections close to load. Transducers 11-17
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Fig. 23. ST200E1b. Deflections close to load. Transducers 11-17.
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Fig. 29. ST200EIM. Deflections measured by transducers 21-27.
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Fig. 31. ST200E2M. Deflection at support measured by transducers 7—10.
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Fig. 32. ST200E2M. Horizontal displacement of beam measured by transducers 11-14.
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Fig. 33. ST200E2M. Horizontal displacement of beam measured by transducers 15—18.
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Fig. 34. ST200E2M. Horizontal displacement of slab measured by transducers 21-28.
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Fig. 37. ST200E2M. Deflection measured by transducers 41—47.
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Fig. 38. STS200C. Deflections at supports. Transducers 1—4.
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Fig. 39. STS200C. Deflections at supports. Transducers 1—4.
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Fig. 40. STS200C. Transverse horizontal displacements. Transducers 5—6.
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Fig. 41. STS200C. Displacements close to load. Transducers 11-18.
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Fig. 42. STS200C. Displacements close to load. Transducers 11-18.
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Fig. 44. STS200C. Slippage of strands. Transducers 21-28.
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Fig. 45. STS200E1. Deflections at supports. Transducers 1—4.
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Fig. 46. STS200E1. Deflections at supports. Transducers 1—4.
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Fig. 47. STS200E1. Transverse horizontal displacements. Transducers 5—6.
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Fig. 48. STS200E1. Transverse horizontal displacements. Transducers 5—6.
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Fig. 49. STS200E1. Deflections close to load. Transducers 11-18.
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Fig. 50. STS200E1. Deflections close to load. Transducers 11-18.
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Fig. 51. STS200E1. Slippage of strands. Transducers 21-28.
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Fig. 52. STS200E1. Slippage of strands. Transducers 21-28.
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Appendix E: 400 mm slabs, measured
displacements in shear torsion tests

The load is the actuator load without weight of loading equipment. The following terms
are used for different measured displacements:

- deflection: vertical displacement of slab
- transverse horizontal displacement: horizontal displacement perpendicular to the slab

- longitudinal horizontal displacement: horizontal displacement of supporting beam
parallel to longitudinal axis of slab

- slippage of strand: displacement of strand end relative to the surrounding concrete.
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Fig. 1. ST400C1. Deflections at supports. Transducers 1-4.
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Fig. 2. ST400C1. Transverse horizontal displacements. Transducers 5 and 6.
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Fig. 3. ST400C1. Deflections close to load. Transducers 11-15.
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Fig. 5. ST400C1. Slippage of strands. Transducers 21-31.
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Fig. 7. ST400C2. Transverse horizontal displacements. Transducers 5 and 6.
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Fig. 8. ST400C2. Deflections close to load. Transducers 11-15.
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Fig. 9. §ST400C2. Deflections close to load. Transducers 11-15.
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Fig. 10. ST400C2. Slippage of strands. Transducers 21-31.
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Fig. 11. ST400C2. Slippage of strands. Transducers 21-31.
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Fig. 12. ST400E1. Deflections at supports. Transducers 1—4.
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Fig. 13. ST400E1. Deflections at supports. Transducers 1—4.
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Fig. 14. ST400E1. Transverse horizontal displacements. Transducers 5 and 6.
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Fig. 15. ST400E1. Deflections close to load. Transducers 11-15.
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Fig. 16. ST400E1. Deflections close to load. Transducers 11-15.
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Fig. 17. ST400E1. Deflections close to load. Transducers 11-15.
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Fig. 18. ST400E1. Slippage of strands. Transducers 21-31.
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Fig. 19. ST400E1. Slippage of strands. Transducers 21-31.
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Fig. 20. ST4002E. Deflections at supports. Transducers 1—4.
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Fig. 21. ST4002E. Deflections at supports. Transducers 1—4.
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Fig. 23. ST4002E. Deflections close to load. Transducers 11-15.
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Fig. 27. ST400EIM Deflections at supports. Transducers 1-5.
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Fig. 28. ST400EIM. Deflections at supports. Transducers 1-5.
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Fig. 29. ST400EIM. Transverse horizontal displacements. Transducers 6—7.
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Fig. 30. ST400EIM. Transverse horizontal displacements. Transducers 6-7.
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Fig. 31. ST400EIM. Deflections close to load. Transducers 8—12.

300 -~ 8
250 119
10

= 200 1 11
= —12 %
= 150 {— = o
«
3 100 | //{/

50 /

0 ] ‘

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Displacement [mm]

Fig. 32. ST400EIM. Deflections close to load. Transducers §—12.
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Fig. 33. ST400G1. Deflections measured by transducers 11-15.
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Fig. 34. ST400G1. Deflections measured by transducers 11-135.
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ST400C1. ST400G1. Deflections measured by transducers 15—18.
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Fig. 36. ST400G1. Deflections measured by transducers 15—-18.
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Fig. 37. ST400G1. Deflections measured by transducers 19-22.
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Fig. 38. ST400G1. Deflections measured by transducers 23-26.
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Fig. 39. ST400G1. Deflections measured by transducers 23-26.

P1 [kN]

460
350 ~ P
300 7
250 Z/ o7
200 /;, 08
150 7 /
I S

-2 0 2 4 6 8 10

Displacement [mm]

Fig. 40. ST400G1. Deflections measured by transducers 27-30.
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Fig. 41. ST400G1. Deflections measured by transducers 31-37.
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Fig. 42. ST400G1. Deflections measured by transducers 31-37.
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Fig. 43. ST400G2. Deflections measured by transducers 11—14.
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Fig. 44. ST400G2. Deflections measured by transducers 11—14.
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Fig. 45. ST400G2. Deflections measured by transducers 15—18.

400 I
350 19
300 20
= 250 21
= 200 22
o 150 -
100 ~
50 -
0 : ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7 8
Displacement [mm]

Fig. 46. ST400G2. Deflections measured by transducers 19-22.
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Fig. 47. ST400G2. Deflections measured by transducers 23-26.
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Fig. 48. ST400G2. Deflections measured by transducers 23-26.
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Fig. 49. ST400G2. Deflections measured by transducers 27-28.
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Fig. 50. ST400G2. Deflections measured by transducers 31-37.
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Fig. 51. ST400G2. Deflections measured by transducers 31-37.
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Appendix F: Measured displacements in shear
flexure test SF400C

P is the actuator load without weight of loading equipment.
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Fig. 1. SF400C. Deflections at Eastern support. Transducers 1-5.
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Fig. 2. SF400C. Deflections at Eastern support. Transducers 1-5.
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Fig. 3. SF400C. Deflections at Western support. Transducers 21-25.
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Fig. 4. SF400C. Deflections close to outermost load. Transducers 6—10.
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Fig. 5. SF400C. Deflections close to outermost load. Transducers 16-20.
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Fig. 6. SF400C. Deflections in mid-span. Transducers 11-15.
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Appendix G: Determining torque from
measured results

Consider a beam with length L, supported at both ends and subjected to a concentrated
torque Pe at a distance of a from its one end, see Fig. 1. Assume that the supports allow
some rotation around the longitudinal centroidal axis of the beam. The twisting is
governed by

M, =GI0O (1)

where G = 0.5E/(1+v) and [, denote the shear modulus and torsion modulus,
respectively, and v=0.15 denotes Poisson's ratio. @ is defined by

_d¢
O=u @

where ¢ denotes the angle of twist and x is the coordinate measured along the axis of the
twisted member.

Positive sense of Mt:

Fig. 1. Twisted member. Rotation @ is measured atx = 0, x = b and x = L.

P

Gl



(Gl,)p=M,, x+C, when 0<x<a (3)
(GL)Yp=M,,x+C, when a<x<L (4)
where C; and C, are integration constants and M,,. and M, ,+ are the torques for x < a

and x > a, respectively. If rotation ¢ is measured at x = 0 (@), x = a (¢,) and x = L (),
the unknown parameters can be solved from the boundary conditions

(GI )¢, =M,, 0+C, (5)

(GL), =M,,a+C, (6)

(GL)p, =M, ,.a+C, (7)

(a1, )¢L M, L+C, (8)

M, =M,, +Pe 9)
For example

M”“*[Z:Zﬂ _¢af¢0]:Pe¢ai¢o (4

and from Eq. 1
M
(Gl,)= 7~ (11)

(¢a _¢Lj
L—-a

are obtained. In case the rotation is not measured at x = @ but at x = b (¢) as in Fig. 1,
the rotation at x = a is calculated from

b, =@, + (¢ ~¢,) (12)

If the ends of the beams cannot rotate, Eqs 10 and 9 give

M

t,a+

a
= Pe— 13
e (13)

and

(14)
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Appendix H: Design of supporting beams in tests
ST200E1M, ST200E2M and ST400E1M

Rebars Length of beam
5d 10 c/c 300 = 1400

100|100

- 200

L = 1300 300 | 970

150 | 200 |150,

400

Fig. 1. Supporting beams in test ST200EIM. The target grade of concrete was K30.
d 10 refers to reinforcing bars with diameter 10.
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Fig. 2. Supporting beams in test ST200E2M. The target grade of concrete was K30.
d 10 refers to reinforcing bars with diameter 10.
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Fig. 3. Supporting beams in test ST400EIM. The target grade of concrete was K30.
d 10 and d 16 refer to reinforcing bars with diameter 10 and 16 mm, respectively.
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Appendix I: Elasticity of neoprene strips

To determine the elastic properties of the neoprene strips, a test specimen with thickness
10 mm and loaded area 80x500 mm® was compressed with a testing machine. The strip
was placed between two stiff steel plates. To measure the inner behaviour of the testing
machine, the same test was carried out without neoprene. The results of both tests are

shown in Fig. 1 below. The horizontal difference between the two curves represents the
change in thickness of the neoprene strip.

250 /
200 A
é 150 /
©
o
LS 100
/ — With neoprene
50 / / —— Without neoprene
N w———
0 0,5 1 1,5 2 2,5
Displacement [mm]

Fig. 1. Load vs. change in thickness of neoprene strip in compression test.

I1






Published by Series title, number and
report code of publication

WT VTT Research Notes 2275

VTT-TIED-2275

Author(s) )
Pajari, Matti

Title
Shear-torsion interaction tests on single hollow core slabs

Abstract
To clarify the interaction of shear and torsion in prestressed hollow core slabs, 15 load tests on

single prestressed hollow core units were carried out. The slabs were 1.2 m in width, 7 m in
length and either 200 or 400 mm in depth. The ends of the slabs were simply supported. In 13
tests the loads comprised one or two point loads close to support. In two tests there was a
uniform transverse line load close to one support while the slab unit was twisted by eccentric
loads at the ends.

In ten tests the slabs were placed on neoprene strips with no end grouting. In these tests the
transverse bending made the slab fail longitudinally first, which in most cases resulted in a
lower resistance than that predicted using traditional design methods.

In five tests the conditions were more realistic, i.e. the slab ends were grouted and stiffened by
supporting beams or spreader beams above the slab ends. In these tests the observed
resistances were of the same order or higher than those predicted using the conventional
calculation methods. However, some observed stiffnesses and resistances deviated so much
from the predicted results that the conventional calculation methods have to be evaluated by
comparison with numerical methods.

Keywords
shear tests, torsion tests, hollow core slabs, testing, test specimens, load testing, failure loads, concrete, precast,
prestressed, structure

Activity unit
VTT Building and Transport, Kemistintie 3, P.O.Box 1805, FIN-02044 VTT, Finland
ISBN Project number
951-38-6519-3 (URL: http://www.vtt.fi/inf/pdf/) R2SU00137
Date Language Pages Price
English 76 p. +app. 122 p. -
Name of project Commissioned by
Holcotors EU, Concrete industry, VIT
Series title and ISSN Published by
VTT Tiedotteita — Research Notes VTT Information Service
1455-0865 (URL: http://www.vtt.fi/inf/pdf/) P.0.Box 2000, FIN-02044 VTT, Finland
Phone internat. +358 9 456 4404
Fax +358 9 456 4374



http://www.vtt.fi/inf/pdf/
http://www.vtt.fi/inf/pdf/

To clarify the interaction of shear and torsion in prestressed hollow core
slabs, 15 load tests on single prestressed hollow core units were carried
out. The ends of the slabs were simply supported. In 13 tests the loads
comprised one or two point loads close to support. In two tests there was
a uniform transverse line load close to one support while the slab unit was
twisted by eccentric loads at the ends.

In ten tests the slabs were placed on neoprene strips with no end
grouting. In five tests the slab ends were grouted and stiffened by
supporting beams or spreader beams above the slab ends. In these five
tests the observed resistances were of the same order or higher than those
predicted using the conventional calculation methods. However, some
observed stiffnesses and resistances deviated so much from the predicted
results that the conventional calculation methods have to be
reconsidered.

VTT TIETOPALVELU VTT INFORMATIONSTJANST VTT INFORMATION SERVICE
PL 2000 PB 2000 P.0.Box 2000
02044 VTT 02044 VTT FIN-02044 VTT, Finland
Puh. 020 722 4404 Tel. 020 722 4404 Phone internat. + 358 20 722 4404
Faksi 020 722 4374 Fax 020 722 4374 Fax + 358 20 722 4374

ISBN 951-38-6519-3 (URL: http://www.vtt.fi/inf/pdf/)
ISSN 1455-0865 (URL: http://www.vtt.fi/inf/pdf/)

GL¢C SHION HOYVHSHY LIA

SQB[S 910 MO[[OY J[SUIS UO SIS3) UOIDIRINUI UOISIOI-IEIYS


http://www.vtt.fi/inf/pdf/
http://www.vtt.fi/inf/pdf/

	Abstract 
	Preface 
	Contents
	1. Introduction 
	2.  Test arrangements 
	2.1  Characteristics of hollow core slabs 
	2.2  Shear tension tests on slabs supported on neoprene 
	2.3  Shear tension tests on slabs with grouted ends on mortar 
bearing 
	2.4  Shear tension tests on slabs with grouted ends 
on soft bearing 
	2.5  Shear flexure test 

	3.  Material data given by the manufacturer 
of slabs
	4.  Results of load tests 
	4.1  About loading 
	4.2  Notation and some basic formulae 
	4.3  Shear tension tests on 200 mm slabs 
	4.3.1  Rate of loading and observations during tests 
	4.3.2 Deflections
	4.3.3  Shear resistance and torsional stiffness 
	4.3.4 Horizontal displacements 

	4.4  Shear tension tests on 400 mm slabs with parallel supports
	4.4.1  About initial cracks 
	4.4.2  Rate of loading and observations during tests 
	4.4.3 Deflections 
	4.4.4  Shear resistance and torsional stiffness 

	4.5  Tests ST400G 
	4.5.1  About initial cracks 
	4.5.2 About loading 

	4.6  Shear flexure test on 400 mm slab 
	4.7  Data about concrete 
	4.8  Notes on results 

	5.  Analysis of shear tension tests 
	6. Discussion 
	References
	Appendix A: Photographs, 200 mm slabs 
	Appendix B: Photographs, 400 mm slabs 
	Appendix C: Measured geometry of slabs 
	Appendix D: 200 mm slabs, measured 
displacements in shear torsion tests
	Appendix E: 400 mm slabs, measured 
displacements in shear torsion tests 
	Appendix F: Measured displacements in shear  
flexure test SF400C 
	Appendix G: Determining torque from 
measured results 
	Appendix H: Design of supporting beams in tests 
ST200E1M, ST200E2M and ST400E1M 
	Appendix I: Elasticity of neoprene strips 


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.2
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




