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Experimental and Numerical Investigations of
the Load-Bearing Behaviour of Reinforced Concrete
Slabs Using Spherical Void Formers

Solid flat slabs often prove to be the superior system in structural
-and industrial engineering applications. However, the high dead
weights of the slabs can restrict their fieids of applicatien. Inte-
grating void formers in the neutral zone provides a useful remedy,
because of the noticeable weight reduction involved. In addition
to reducing the dead load, the use of reinforcement steel and
cement, which represent valuable resources from an ecological
perspective, are also considerably reduced. The voids primarily
impact the shear resistance of the slabs. Four test series’ carried
out using spherical “Cobiax” void former slabs are described in
this paper. A reduction factor for describing the shear load hear-
ing behaviour was identified from the test results and then inte-
grated in the recently issued technical approval for the slak sys-
tem. Test post analysis using the finite element method displayed
good correlation between numerical investigations and experi-
ment, such that future parameter studies based on these results
in the course of development will prove highly valuabie as a
supplement to tests.

1 Introduction

Non-prestressed, solid, reinforced concrete slabs meet nu-
merous requirements in structural and industrial engi-
neering applications in terms of load bearing capacity,
limiting deformations, acoustic and fire protection. They
can be economically manufactured and therefore repre-
sent the normal mode of construction. However, the rela-
tively large dead weight of the concrete often proves dis-
advantageous. This is especially the case for multi-storey
buildings or buildings with difficult foundation situations,
and for large slab spans in particular. Replacing the con-
crete by voids in those areas where it is not required from
a structural perspective therefore represents an interesting
optimisation option (Figure 1). The reduced dead weight
not only means a lower rebar requirement in the slab, to-
gether with smaller deformations, but also lower overall
building loads, making it possible to design using pillars
and foundations with smaller dimensions. This in turn
brings an additional ecological benefit, primarily because
less reinforcement steel and cement are required. Some
well-known projects where this technology has been used
include the Zollverein school in Essen, Ozeaneum in
Stralsund and the Elbphilharmonie in Hamburg.

If the spherical displacers are configured such that
the minimum dimensions for the remaining webs and
shear reinforcement no longer meet the minimum require-

Fig. 1. Installed Cobiax Eco-Line system void formers before
installing the upper reinforcement layer and concreting
{erection of an office building in Bremen)

ments to DIN 1045-1 [1] or EC 2, additional deliberations
on the load bearing behaviour of the slabs are necessary.
This paper reports on experimental investigations of slabs
with integrated hollow void formers and their evaluations.
The main focus of the investigations was to identify the
shear resistance in the weakened cross-sections. The shear
resistance in the critical punching areas was not investi-
gated separately during the iests described here, because
no void formers were planned for these zones.

2 Testing programme for determining shear resistance

This paper reports on the implementation and evaluation
of four test series’, carried out in 2007, 2008 and 2009 at
the Technical Universities of Kaiserslautern and Darm-
stadt. Prior to this, slabs using hollow void formers had
been comprehensively investigated in [2], [3] and [4].

All tests described in Sections 2 and 3 for identifying
the shear resistance of the voided flat plaie slabs without
normal force were executed as four-point bending tests.
The following parameters were varied:

- concrete quality (C12/15 + C45/55),

- slab thickness (h = 30 cm + 60 cm),

- shear slenderness (a/d =2.7 + 4.2),

— rebar percentage (p, = 0.51% and 0.75%),
sphere diameter (18; 31.5 cm und 45 c¢m).
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The variable a used to calculate the shear slenderness
mentioned above is regarded as the distance of the load
transfer point to the support point; d is the effective struc-
tural depth.

2.1 Tests to determine the shear resistance on one-way
spanning slabs without positioning cages

Six tests were carried out at the Technical University of
Darmstadt on 30 and 60 c¢m thick slab strips [5]. The re-
inforcement steel positioning cages used in practical ap-
plications for buoyancy safety and void former fixation
were not installed. This was done to avoid including their
contribution to shear resistance in the test, because it is
not incorporated in the design concept. The void formers
were held in position by applying a surcharge to the upper
layer of reinforcement during concreting. The dimensions
in cross-section can be taken from Figure 2. The 18 and
45 em diameter void formers were arranged in rows paral-
lel to the span direction with a planned clear separation of
2 cm to 5 em (Figure 2).

The mean cube compressive strength on the day of
the test was between 18.0 and 51.0 N/mm?2. The net con-
crete cross-section perpendicular to the slab plane re-
duced by the void formers was 59% and 49% minimum
respectively for the specimens with void former diameters
18 cm and 45 cm. The shear slenderness in the tests was
a/d =4.02 (h =30 cm) and a/d = 4.23 (h = 60 cm). The
degrees of bending reinforcement of 0.63 + 0.75% were
selected such that the planned shear failure would occur.
Figure 3 shows a typical cracking pattern when the shear
resistance is reached.

2.2 Tests to determine the shear resistance
in zones of opposing moments

Slabs with axis-symmetrical void formers are particularly
suited to use in multi-axially spanned flat roofs. Trans-
versal bending, which may also act in opposing directions,
occurs in the case of mulii-axial spans, in addition to the
main bending direction. Three additional tests were car-
ried out at the TU Kaiserslautern to examine the shear re-
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Fig. 3. Crack pattern after reaching shear force capacity in specimen V2Da of the Darmstadt tests [5]
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Fig. 4. The Kaiserslautern tests dedicated to shear force capacity in area of inversely acting bending moments: a) Steel tongs

construction, b) Execution of a test

sistance in these slab areas. A loading device was designed
by the Institut fiir Beton- und Fertigteilbau at Bochum
University for this purpose. It allowed negative transverse
bending moments to be transferred in four-point bending
tests via a tong-like construction (Figure 4).

The transverse bending moments (tension on the up-
per slab face) were selected such that the design yield
strength fq = 435 N/mm? was achieved in the upper
transverse ¢15/12.5 reinforcement. The tongs acted on
the slab sides and moved smoothly with the aid of double
Teflon discs. This generally prevented the tongs uninten-
tionally acting as shear reinforcement.

All three investigated test specimens were manufac-
tured using 30 cm thick in-situ concrete. The mean cube

compressive strength on the day of the test was between
61.7 and 65.9 N/mm?2. The shear slenderness in the tests
was a/d = 4.23.

The degree of bending reinforcement of 0.72% was
also selected such that the planned shear failure would
occur. Two test specimens (VIKL-2009 and V2KL-2009)
were subjected to transversal bending during the actual
test and one (V3KL-2009) was investigated without trans-
versal bending. Two investigated test specimens (V1KL-
2009 and V3KL-2009) were manufactured as solid slabs
and one (V2KL-2009) as a void former slab. The void for-
mer diameter was 18 cm. The void formers were arranged
diagonally in specimen V2KL-2009. The angles between
the support axes and the rows of void formers was 22.5°

Beton- und Staklbetonbau 105 (2010), No. 6 5
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Fig. 5. Void former position in the specimen V2KL-2009
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2.3 Evaluation of shear force tests

To aid simple slab design using Cobiax void formers it is
useful to apply a constant factor fogpiay, g (EL for Eco-
Line) as an input value for Equation 70 of DIN 1045-1.
The factor describes the difference in shear resistance be-
tween the void former slab and a solid slab. The prefactor
was determined in [6], among others. The test evaluation
used below to derive fcopiaz, g, Was based on Equation 70
of DIN 1045-1 [1] and Heft 525 of the Deutsche Auss-
chuss fiir Stahlbeton (German Committee for Reinforced
Concrete) [7]. According to DIN 1045-1, Section 10.3.3,
the design value of the shear resistance Vgq . for structur-
al elements with bending reinforcement and without nor-
mal force and the necessary calculated shear reinforce-
ment for normal-weight concrete is determined using the
following equation:

0.15
Veget =+ K- (200-p; - £ )% - by, -d (L
[+
and 45° (Figure 5). This void former arrangement was se-
lected to allow the most favourable case, without continu- where: v, =150 Partial factor for concrete
ous concrete webs, to be examined. The positioning cages
used in practice were not installed. k=14 230 Scale factor
Table 1. Evaluation of Darmstadt tests on uniaxially stressed slabs
Shear force Vg
at failure in
experiment
Mean Mean (incl. loading device
Specimen| h d b Ag ol fem,cube fom eyl K VRmget and dead weight) | foobiax kL
mm | mm mm | cm¥m | % MN/m? | MN/m? | [-] kN kN [-1
V1Da 300 260 820 194 0.75 2270 18.2 19 191.0 107.6 0.56
V2Da 300 260 820 194 0.75 38.40 31.0 19 2280 150.7 0.66
V3Da 300 260 820 194 0.75 49.50 40.1 19 2485 143.9 0.58
V4Da 600 560 1550 35.4 0.63 17.80 14.3 16 5771 362.0 0.63
V5Da 600 560 1550 35.4 0.63 51.00 41.3 1.6 823.0 424.8 052
VéDa 600 560 1550 354 0.63 65.50 53.4 1.6 896.2 431.5 048
Table 2. Evaluation of Kaiserslautern tests on slabs with oppositely acting moments
Shear force Vg
at failure in
experiment (incl. | feobiaxEr
Mean | Mean loading device and
Specimen Type h d b Ag | m | femeube | fomeyt | ¥ | VRme | and dead weight) | Vi/Vign ot
mm | mm | mm|cm?/m| % |MN/mZ MN/m?|{-]| kN kN -
Without void
V1KL-2009 | formers, with trans- | 300 | 260 | 1420 18.7 |0.72| 61.72 502 |1.9] 458.2 414.8 0.91
versal bending
With void formers,
V2KL-2009 | with transversal | 300 | 260 | 1420 18.7 |0.72| 65.77 536 |19 4682 273.2 .58
bending
Without void
V3KL-2009 | formers, without | 300 | 260 | 1420 18.7 |0.72| 65.91 53.7 1.9 468.6 425.9 091
transversal bending
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p = bA”l 75002 Longitudinal rebar percentage
W
f.x  Characteristic value of concrete compressive

strength in [N/mm?]

Smallest cross-section width within the cross
section tensile zone [mm]

d Effective structural height in [mm]

by,

According to Figure H10-4 in Heft 525 [7] the mean shear
resistance for slab-like structural elements without normal
force can be determined as follows:
VRm,et = 0.2 -1 (100 - py - e test) V3. b -d (2)
The prefactor 0.2 in the above equation describes the
mean shear resistance in tests as compared to the design
value according to Equation (1). The characteristic value
of the prefactor for the corresponding equation is 0.14.
The strength f. ;. in the shear force test corresponds to
the mean strength f,, of the material specimen.

The Darmstadt tests V1Da to V6Da described in Sec-
tion 2.1 are evaluated in Tables 1 and 2. The Cobiax factor
foobiax,rL, Which describes the difference between the
shear resistance of the Cobiax voided flat slab and the
solid slab, is determined using Equation (3).

VRet Cobiax — foobiaxEL * VRet,DIN 1045-1

= feobiax, EL 0.2 - K+ (100« py + fo tot)/® - by - d
(3)
where: by, = overall width of slab.

The cylinder compressive strength f_ ;o from the 150 mm
cube compressive sirengths is calculated in Equation (3)
as follows:

fc,cyl = (0.7933 + 0.0003 - fc:,c:1.1‘m:150) : fc,ct.‘.be150 4
The above equation describes a linear trend describing the
conversion between cylinder/cube compressive strength
to DIN 1045-1, Table 9. It covers strength types C12/15 to
C55/67.

The tests carried out in Darmstadt and Kaiserslautern
on Cobiax slabs without reinforcement cages have shown
that adopting fooniaxpL @s a reduction factor for Equa-
tion (3) for considering the reduced shear resistance re-
sulting from the use of void formers leads to safe design
values.

In the meantime the German Institute for Construc-
tion Technology has issued a technical approval for the sys-
tem in which this reduction factor is employed [8]. It also
regulates application boundaries, bending design rules and
quality assurance measures during on-site execution.

3 Tests to determine the shear resistance on one-way
spanning slabs with reinforcement cages

Ten slab strips fitted with the reinforcement cages indis-
pensible to the Cobiax slab system (Figures 6 and 7) were
also investigated at the Technical University of Kaisers-
lautern [9]. In the specimens shown here the resistance-
welded reinforcement cages were installed in the stress
axis (Figure 7). Depending on the void former diameter
the stirrup arms cover a total area of 7.03 cm2/m? (void
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Fig. 6. Cobiax cage module detail, cross-section and longitudinal section of a multiaxially stressed cast-in-place Cobiax floor

Hohi er

Haltekdrbe

_ | RO OCO0)
= ; 2 o \\ | ’ %“;hj: H
o S Soceomooaooas | - 3—| ABSD e ]
= O . o | ! Y : [ YT
el RS 3959085008 00¢C N A AN '
- 30[ 2.40 [30 75|,35 ,,35|,35 |,35 [,35 [35 |,35 [35[,35 35 |,375
7 7 1 1 1 17
3.00 4.25

Fig. 7. Specimen ground plans of the first (left) and second (right) test series with marked cage modules
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30

ntere Betonschicht

Fig. 8. Overview of specimens with 18 cm
diameter void formers

Table 3. Evaluation of Kaiserslautern tests on uniaxially stressed slabs with reinforcement cages

Mean e cupoMean £, o Shear -force. Vg
at failure in
Semi- | In-situ | Semi- | In-situ experiment (incl. | foopiax 5L,
Test Execution precast | con- | precast| con- loading device and
specimen method h | d|b| Ay |p| slab crete slab crete | % | Vppt| and dead weight) | Ve/ Vi o
mm|mm | mm |cm2/m| % | MN/m2 | MN/m? | MN/m? | MN/m? | [-] | TkN] kN] -]
With cage module,
V1KL-2007 | on semi pre-cast | 300|264 820 19.0 |0.72| 39.3 54.70 31.7 444 19| 257.0 241.5 0.94
_ slab
§ ,
oy With cage module,
" | V2KL-2007 | in semi pre-cast | 300|264 820, 19.0 [0.72 39.3 54.70 317 444 |19 2570 3126 122
% slab
b= With cage module,
g V3KL-2007 without semi 300|264 (820 19.0 (0.72| 351 51.80 283 420 19| 2523 285.9 113
E pre-cast slab
'E Without cage
= | VAKL-2007 | module, without |300{264|820( 171 [0.65| - 36.50 - 294 (19| 2163 2775 128
E semi pre-cast slab
@ Without cage
V5KL-2007 | module, with semi | 300|264 | 820| 171 (0.65| 39.3 54.70 317 444 (19 2481 303.7 1.22
pre-cast slab
With cage module,
V6KL-2007 | onsemi pre-cast |450)405 |1450] 21.9 |0.54| 386 4520 311 366 | 17| 5405 635.4 1.18
n slab
3]
n With cage module,
™ | V7KL-2007 | insemipre-cast | 450|405 (1450 219 |0.54| 38.6 43520 31 366 |17 |5405 619.6 115
ﬁ slab
:5 With cage module,
B | VBKL-2007 without semi 450|405 |1450( 21.9 [0.54| 386 44.80 31.1 362 | 17| 5389 584.3 1.08
g pre-cast stab
E Without cage
a’ VIKL-2007 | module, without |450|405)1450, 20.8 |0.51 - 44.80 - 362 | 17] 5296 5332 101
g semi pre-cast slab
A Without cage
V10KL-2007| module, with semi |450({405 (14501 20.8 10.51| 38.6 45.20 311 36.6 |17; 531.2 6269 118
pre-cast slab

8 Beton- und Stahibetonbau 105 {2010}, No. &
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former diameter 31.5 cm) to 21.6 cm2/m?2 (void former
diameter 18 ¢cm). This corresponds to a geometrical rebar
percentage pg, of 0.07 % (void former diameter 31.5 cm) to
0.22% (void former diameter 18 cm). The positioning
cages and spacers provide shear reinforcement, the an-
choring of which does not correspond to the requirements
specified in DIN 1045-1, but which nevertheless affects
the shear resistance.

Three different methods were used to manufacture
the specimens in order to model the installation situations
occurring in practice (Figure 8):

a. Precast element with positioning cages subsequently
installed on the semi pre-cast slab.

b. Precast element with positioning cages encased in the
congrete of the semi pre-cast slab.

c. In-situ concrete element concreted in two stages, with
positioning cages encased in the lower section.

The difference in the procedure between b. and ¢. consist-
ed of the lattice girders typical for prefabricated elements
being integrated in the semi pre-cast slab for variant b.,
which was not the case for variant c.

In order to facilitate a direct comparison of the three
Cobiax slabs with solid slabs a reference slab was manu-
factured for both series’ {void former diameter 18 cm and
31.5 cm), respectively without void formers as a precast
element with filigree slab and without void formers as a
monolithic in-situ concrete element (see Table 3). A rebar
percentage p; = 0.51% to 0.72% was selected for the lon-
gitudinal rebars. The concrete strengths were determined
on cubes of 150 mm side length and were between 35.1
and 54.7 N/mm?2. The net critical concrete cross-section
perpendicular to the slab plane reduced by the void form-
ers was 59% and 52% minimum respectively for the spec-
imens with void former diameters 18 cin and 31.5 cm. The
requirement in the permit [8] in terms of a minimum net
concrete cross-section of 48% was thus adhered to.

The tests were implemented as four-point bending
tests. The shear slenderness was:

- a/d = 2.84 for five tests with void former diameter 18 cm.

AN

R | i
o

-a/d = 2.72 for five tests with void former diameter
315 cm.

Inclined shear cracks appeared with increasing load, lead-
ing to a constriction of the compression zone. The spe-
cimens generally suffered shear-bending failure as a
consequence of the increasingly small compression zone
(cf. Figure 12).

As anticipated, it was shown that the rebar cages con-
siderably increase the shear resistance, despite their an-
choring in both the tensile and the compression zones not
complying with DIN 1045-1.

The shear resistances achieved in the tests are sum-
marised in Table 3. The shear resistance was determined
at distance d from the support, taking the dead weight of
the specimen into consideration. To calculate the shear
resistance in Equation (2) foy, o1 was adopted as f, oy for
the in-situ concrete. The concrete of the semi pre-cast
slabs always displayed lower compressive strength than
the cast in-place concrete. However, it can be recognised
from the failure crack patterns visible in Figure 12 that the
strength of the semi pre-cast slabs, which were one fifth
the thickness of the overall slab thickness at most, had
barely any impact on the shear resistance.

A comparison of the shear resistances reveais that the
specimens with positioning cages achieved at least 90% of
the theoretical shear resistance of a solid slab. The theo-
retical shear resistance was actually achieved or even
exceeded in Series 2 (h = 45 ¢m). This indicates that the
impact of the void formers on the shear resistance is
compensated by the positioning cages acting as additional
shear reinforcement. Using the current design concept the
positioning cages are not adopted numerically to increase
the shear resistance and thus generate a considerable
reserve capacity.

4 Large-scale tests of multi-axial load-bearing capacity

In July 2009 the multi-axial load-bearing capacity was
examined in a large-scale test at TU Kaiserslautern [10].
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Fig. 9. Void former and reinforcement configuration in the tested specimen
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Fig. 10. Slab specimen in the test stand and failure pattern

The impact of torsion in a multi-axially stressed slab with
Cobiax void formers was examined in this test. The re-
inforcement was arranged such that the direction of the
principal reinforcement was not the same as the direction
of the governing principal moments. The void formers
were arranged on the same alignment as the reinforce-
ment (Figure 9). The void formers in turn were held in
position without the use of the usually installed position-
ing cages, in order to exclude their action as shear re-
inforcement. The slabs were h = 30 ¢m thick and the void
former diameter d = 18 cm. The mean concrete com-
pressive strength was 45.3 N/mm?2 (150 mm cube). Four
brackets were attached to the slab. Two brackets were
used for support, while a downward vertical load was
applied on the other two (Figure 10) to generate a torsion-
al load.

The crack pattern anticipated for torsional loading
was produced during the test. Flexural bending cracks
formed between the two load transfer points on the top
and - rotated by 90° — between the two support poinis on
the bottom. Failure occurred as a result of combined bend-
ing-shear failure in the end region of the bracket reinforce-
ment (Figure 10). An impact of the void formers on the

Table 4. Evaluation of torsion test

- M. Abramski/A. Albert/K. Pfeffer/). Schnell - Experimental and Numerical Investigations of Load-bearing Behaviour of Reinforced Concrete Slabs Using Spherical Yoid Formers

crack pattern produced could not be observed. This was
confirmed by accompanying finite-element analyses. In or-
der to allow comparison the slab was modelled both with
and without void formers for the purpose of analysis. The
previously computed failure load was achieved in the test.
The shear force achieved in the test is shown in
Table 4. The actual width of the failure crack was adopted
as the cross sectional width b. The shear force in the fail-
ure crack was also adopted as the shear force Vg achieved
in the test and the dead load impact taken into considera-
tion correspondingly. The impact of the longitudinal re-
bars on the shear resistance was considered as follows:
1. Only one layer of the lower longitudinal rebars was
taken into consideration.
2. The resulting cross-section data of two successive rebar
layers were incorporated as follows (also see [11]):

Ag= AL+ AL (3)

5 Accompanying finite-element method analyses

To accompany the tests, physical, non-linear FEM analy-
ses were carried out at the Institut fiir Beton- und Fertig-
teilbau at Bochum University [11]. The DIANA [12] pro-
gram was used for this. The good suitability of this pro-
gram for realistic numerical simulations of concrete struc-
tural elements has already been shown in [3] and [4].
20-node quadratic isoparametric elements were employed
in the model. The FEM mesh used to model the slab
geometry with void formers is reproduced in Figure 11.

The Thorenfeldt [13] model was employed as the con-
stitutive equation for the concrete in the compression
zone. The Hordijk model was used for the tensile zone
[12], [14]. The fracture energy governing the falling arm of
the stress-strain relationship is incorporated in DIANA
with the aid of Model Code 90 [15]. Cracks running paral-
lel to the compressive stress axis impact the compressive
strength of the concrete. This effect was taken into con-
sideration with the aid of the Vecchio And Collins ap-
proach by reducing the uniaxial compressive strength by a
factor § as a function of the transverse tensile strain [15].
The impact of any constrained transverse dilatation on
compressive strength is described using the Selby And
Vecchio approach [17].

A bilinear stress-strain curve without hardening
and - with an eye on reasonable computing time - a
model with “smeared” reinforcement were selected. This

Shear force Vg
at failure in
experiment
(incl. loading
Evaluation of Mean Mean device and
longitudinal rebars h d b Ay P fom-cube femeey K | Vrmet| dead weight) fcobiax-EL
em | ¢cm | cm | cm? % MN/m?2 | MN/m2 | [-] kN kN [-]
One rebar layer 30 27 175 | 9.714 | 021 45.29 36.6 1.86 | 344.7 200.2 0.58
To [11] 30 27 175 | 13.74 | 0.29 45.29 36.6 1.86 | 386.9 200.2 0.52
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increases the stiffness of the elements penetrated by the
reinforcement as a function of the rebar percentage.
Analysis using “smeared” cracking followed. If crack
formation occurs as a result of exceeding the tensile
strength, the tangential and normal stiffnesses are re-
duced. The element with originally isotropic material be-
haviour now has different stiffnesses in each direction.
The Hordijk model discussed above is employed to take
tension softening normal to the direction of crack orienta-
tion into consideration. Tangentially, the shear modulus
was reduced using the shear retention factor to model the
cracking friction. To model the scale effect the f-values
are varied between 0.02 (h =45 cm) and 0.07 (h = 20 cm)
proportional to the slab thickness. The §-values employed
are thus in the usual range between 0.01 and 0.1 [18].
Realistic modelling of crack propagation is critical for
numerical simulation of the shear load-bearing behaviour.
In the cases of shear-bhending failure and shear-tension
failure observed in the tests in particular, crack propaga-
tion in the compression zone leads to weakening of the
concrete resistance share and finally to failure. The posi-
tioning cages used in the tests described in Section 3 were
therefore also taken into consideration in modelling.

Fig. 12. Crack patterns and principal
strains of specimens, a) with void for-
mers (VBKL-2007) and b) without void
formers (VOKL-2007)

However, while tests using void formers without position-
ing cages provided a good correlation with FEM analysis
results in earlier investigations [4], these were the first
FEM analyses using positioning cages in simulation.

Figure 12 shows the crack patterns observed in the
tests described in Section 3 with positioning cages in-
stalled for both a solid slab (VOKL-2007) and a void for-
mer slab (VBKL-2007), as well as the principal tensile
strains in the ultimate limit state in the corresponding
FEM analyses. Comparing the crack patterns to the prin-
cipal strains shows that the FEM model used realistically
models the cracking behaviour of the investigated speci-
mens both with and without void formers.

Figure 13 also shows a comparison of the force-defor-
mation relationships between the tests and the FEM ana-
lyses. It is apparent that the force-deformation relation-
ships in the FEM model correlate well with the behaviour
of the specimen in terms of both the stiffness and the fail-
ure loads.

The two diagrams also include the calculated shear
resistance to aid assessment of the results. The concrete
resistance share Vyy, ;+ without shear reinforcement is de-
termined compliant with DIN 1045-1, Eq. 70 using the

Beton- und Stahibetonbau 105 {2010), No. 6 n"
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Fig. 14. Crack patterns (principal strains) obtained from the
finite element analysis, aj top and b) bottom

prefactor 0.2. For comparison Vg, (4 is reduced by 50% to
take weakening by the void formers into consideration.
Here, too, it is obvious that the bearing capacity of the
void former slabs is considerably increased by the posi-
tioning cages.

It is obvious that the action of the cages and spacers
as shear reinforcement is realistically represented in the
FEM model. In the specimens using void formers this
achieves a shear resistance more than double the calculat-
ed concrete resistance share Vgp ct.

In order to examine the relevance of the FEM model
as applied to a bi-axial load transfer a comparative analy-
sis was also carried out for the large-scale test described in
Section 4. Utilising system symmetry a quarter of the test
slab was analysed in the FEM model.

12 Beton- und Stahlbetonbau 105 {2010, No. 6

The cracking pattern produced in the FEM analysis
corresponded to that anticipated for torsion (Figure 14).
Flexural bending cracks, running perpendicular to a line
connecting the two load transfer points, formed on the
upper face. The crack orientation on the lower face was
rotated by 90° and therefore perpendicular to a line con-
necting the two support points.

The cracking patterns identified using FEM analyses
display good correlation with the cracking patterns ob-
served in the test.

The FEM analyses reproduced here as examples
prove the fundamental suitability of the software used.
The necessary input parameters for the non-linear analy-
ses were calibrated in comprehensive preliminary studies.
Additional analyses are planned using the selected models
and altered void former installation configurations in
section and in plan.

6 Summary

A design concept for the shear resistance of reinforced
concrete slabs with spherical void formers corresponding
to a previously issued technical approval [8] was derived
from the test results. It also regulaies application bound-
aries, bending design rules and quality assurance mea-
sures during on-site execution, In this approval the reduc-
tion factor for calculating the shear resistance was defined
as fgopiax e = 0.50.

Figure 15 compares the results gained in the test with
the results for solid slabs. The prefactor values used there
were computed for Cobiax tests as follows:

Vg ) 1
1€ (100 -py £, o3 by - d fogpia

where: Vg = shear force at failure in the respective experi-
ment.

Prefactor =

(6)

The Cobiax values are considerably greater than the mean
values for solid slabs and all are far greater than the 5%
fractile. In practice, the positioning cages represent a con-
siderable, unutilised reserve in load-bearing capacity.
Tests with multiaxial loading were carried out in addi-
tion to pure shear force tests. In these tests it was possible
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Fig. 15. Empirical identification of the
coefficient for Equation (70} of DIN
1045-1 from [7] and shear force capaci-

- Kaiserslauterer Drillversuch [10]

ties obtained in the tests on the Cobiax

» - Versuche aus Datenbank der Querkraftversuche an Bauteilen ohne Querkraftbewehrung [7] system

to confirm the multiaxial action of reinforced concrete
slabs with spherical void formers.

7 Outlook

An initial test series was carried out on ten specimens at
the Institut fiir Beton- und Fertigteilbau at Bochum Uni-
versity using a new, flattened void former shape (Fig-
ure 16) [19], [20]. A variety of void former configurations
were used (with and without positioning cages, in-situ
concrete and precast element solution, parallel and diago-
nal orientation, normal spacing and tightly spaced). As an-
ticipated, the shear force achieved during the tests in the
slabs with void formers was in a range between 49% and
66% of that for the investigated solid slabs. Based on this
initial test series the load-bearing behaviour of reinforced
concrete slabs employing these innovative void formers
will be investigated in more detail in future research pro-
jects.

Fig. 16, Cage module with flattened void formers
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