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ABSTRACT

Precast, prestressed hollow core slabs (PPHC-slabs) are traditionally designed as simply
supported units with or without concrete topping. When topping is applied, the slabs are of-
ten designed to act as composite units, without transverse reinforcement crossing the hori-
zontal interface.

In some situations the design of continuous composite PPHC-slab floors could introduce
certain benefits due to an improvement of the Serviceability Limit State behaviour and/or
material utilization. Furthermore, depending on the thickness of the topping layer, the appli-
cation of PPHC-slabs as permanent formwork could introduce increased efficiency with re-
spect to on-site time consumption.

However, the interaction between flexure and shear at internal supports introduces cracks of
varying inclination, propagating from the tensile-zone in the topping across the interface into
the PPHC-slab. Depending on the extent of cracking, these cracks could ultimately lead to a
complete debonding of the horizontal interface.

In order to examine the behaviour of internal supports in composite hollow core slabs and
the composite action between hollow-core slabs and topping, several test have been per-
formed. These tests included jointed composite PPHC-slabs subjected to symmetrical three
point bending and composite PPHC-slabs subjected to point-loads near support. In the pa-
per, the outcome of the experimental investigations is presented.
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INTRODUCTION

Hollow-core slabs are widely used in design of floor-structures in a wide range of different
types of buildings. Traditionally, hollow-core slabs are designed to carry the prescribed load
as simply-supported units, with or without an additional layer of topping concrete. When
topping is present, the hollow-core slab and topping is assumed to act as a composite unit,
and the transfer of shear is based solely upon the adhesion at the interface between slab and
topping. The performance of such members has previously been investigated experimentally
with regards to flexure'? and shear®*.

In certain conditions, the construction of continuous composite hollow-core slabs could in-
troduce certain benefits without adding significant changes to construction procedures on-
site. As shown below on Fig. 1, the provision of additional reinforcement in the region near
intermediate supports constitutes the only significant difference. In some situations, this addi-
tional reinforcement is often present anyway due to requirements regarding robustness.
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Hollow-core slab
Figure 1: Continuous hollow-core slabs using reinforced concrete topping

Concrete Topping

The structural enhancements obtained by the provision of continuity are multiple, and would
ultimately lead to an improved economic structure. When compared to simply supported hol-
low-core slabs with topping, the provision of continuity could allow for an improvement of
the Serviceability Limit State performance and/or an increase of the ultimate capacity. On the
other hand, if the boundary conditions are given beforehand, the presence of intermediate
supports capable of transferring bending moments, could lead to a reduction of the volume of
the floor-structure, and further reducing the gravity-loads on supporting structures.

Even though used in practice, and considering that design-guidelines have been devel-
oped'!*2, the amount of research within this topic is very limited, at least to the knowledge of
the authors. Previous tests® have been conducted. However, the number of test-specimens
was to small in order to extract any definite conclusions. Consequently, many important
questions regarding the structural properties and performance of the intermediate joints still
remains unanswered.
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In order to further investigate some of these properties, a number of tests have been per-
formed at the University of Aarhus. In Fig. 2 below the basic principles of the two test-setups

are shown.
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Figure 2: Principles of test-setups

The main subject of the investigations was to evaluate the performance of the region near the
intermediate support, when subjected to hogging moments. For this purpose a total of 15
specimens were tested using test-setup A. As can be seen, this setup fulfills the statical condi-
tions near the intermediate supports. However, the geometrical conditions are partially vio-
lated.

The provision of continuity leads to a reduction of the reaction at end-supports. However, in
order to further investigate the composite action between hollow-core slabs and concrete top-
ping in high shear-stressed regions, a total of 6 specimens were tested using test-setup B.

In the following, the main purposes of the experimental investigations presented in this pa-
per, are briefly introduced.

COMPOSITE BEHAVIOUR

A fundamental precondition for the design of the continuous structure is that the hollow-core
slab and the topping concrete is able to act as structural unit. In this context, the unreinforced
horizontal interface between hollow-core slab and topping might introduce a certain vulnera-
bility in the case of debonding/delamination. Therefore, it was of interest to observe whether
the members failed in a monolithic manner, or if failure was initiated by delamination along
the interface. When consulting various codes, the performance of concrete-to-concrete inter-
faces is normally correlated to surface-roughness - in this case the surface-roughness of the
hollow-core slabs. In the tests reported in this paper, the hollow-core slabs were provided
with two different surface-textures.

DUCTILITY

Irrespectively of any chosen theory for design (plastic/elastic methods) some degree of duc-
tility of the joints is needed in order to establish a safe and robust structure. If the joints are
ductile, a warning of an emergent collapse will be introduced. Furthermore, when consider-
ing a restraint structure such as the continuous system considered, regardless of the degree of
detail during design, the consequence of time-dependant material parameters, imposed de-
formations, etc. can only be evaluated approximately. Hence, robustness is needed.

Whether or not, the joints are ductile can be investigated by means of the measured load-
displacement-diagrams.
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Figure 3: Ductile behaviour of specimens

If the specimens exhibits a ductile behaviour a distinct plastic plateau should be observed, as
seen on Fig. 3. The degree of ductility x can be quantified by the ratio between the displace-
ment at initiation of the plastic plateau uy, and the displacement at failure us. As known, The
Theory of Plasticity has shown to be a valuable tool in order to estimate the capacity of RC-
members failing in a ductile mode of failure. Hence, if the specimens prove to be ductile it
would be natural to apply this approach when calculating the capacity.

DEVELOPMENT OF PLASTIC HINGES

From design of traditional, normal reinforced concrete beams/plates it is well known, that
plastic hinges can develop when reinforcement-yielding has initiated in the most stressed
sections. The rate of increase of the rotations within this plastic zone is significantly greater
than compared to outside this zone. Hence, when the applied load/displacement is increased
further, the plastic zone is extended, and the deflected shape of the member approaches that
of two rigid members interconnected by a plastic hinge. An important part of the investiga-
tion presented in this paper was to examine whether plastic hinges could actually develop.

ROTATION CAPACITY

As known, the load-carrying capacity of hyper-static RC-beam/plate-structures is governed
not only by the development of plastic hinges, but also by the rotation capacity of the hinges.
If the rotation capacity of the first developed hinges is insufficient, the capacity of the struc-
ture is limited to the load-level corresponding to first reinforcement yielding. On the other
hand, if the rotation capacity is sufficient, the capacity of the structure as a whole can be ad-
dressed using upper and lower bound solutions derived from the Theory of Plasticity. It has
to be noticed, that the sufficiency of a plastic hinge to a great extent is governed by the prop-
erties of the system at hand (Geometry, Load-configuration etc.).

It is gradually becoming more widely accepted, that the rotation capacity of plastic hinges is
due to widening of cracks in the region of reinforcement-yielding. This has been verified
experimentally® and constitutes the physical background to a number of theoretical models”®.
In the case of shear-reinforced members, the capacity of the hinges is governed by either re-
inforcement rupture or concrete crushing.

However, when dealing with hyper-static slab-structures, shear reinforcement is in general
normally not provided, and research® indicates, that the rotation capacity in this case may
also be limited by the development of a shear-failure after initiation of reinforcement-
yielding.
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In such members, the transfer of shear by aggregate interlock plays a crucial role'°, but is
gradually reduced due to widening of cracks. Hence, the width of cracks could potentially
reach a critical level leading to a shear failure before rupture of reinforcement or crushing of
concrete.

The phenomenon can be illustrated using the diagrams in Fig. 4, where the top-diagram dis-
plays the relation between maximum applied load and shear-slenderness for a simply sup-
ported beam, with the presence of "Kani's valley". When the shear-slenderness (a/d) is in-
creased beyond the point of transition, the maximum load is governed by the flexural capaci-
ty. However, as illustrated in the bottom-figure, the rotation capacity may still be limited due
to a shear failure initiated by the aforementioned mechanisms.
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Figure 4: Shear-dependant rotation-capacitiy®

For statically determinate members, this is of minor importance. However, in the case of hy-
per-static structures without shear-reinforcement, the presence of this intermediate zone is of
the highest importance in order to estimate the capacity of the structure.
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EXPERIMENTAL PROGRAME
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Figure 5: Test-setups; Left: A-series, Right; B-series
The figure above shows the basic principle of the test-setups.

SPECIMENS AND METERIAL-PROPORTIES

A- and B-specimens cross-sections are shown in Fig. 6. The width of the hollow-core slabs
was reduced to approx. 70% of the standard-width of 1200 mm, which lead to different
shapes of the slab-edges. For the topping a self-compacting concrete was applied.

Mild reinforcement

Mild reinforcement
76/200

815 mm (95, 06, 98, 712) 815 mm
‘% 70 mm [Er—— | 1 60 mm
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Figure 6: Specimens-sections; Left: A-series, Right: B-series

Table 1 displays different specimen-characteristics for the four different specimen-groups.
The bracketed number within the group-names refer to the number of identical specimens
within each group. Concrete properties are given as mean-values for each group.

Table 1: Specimen parameters
a Reinf. PL a/h W fc,top fc,hol fct,top fct,hol

Group [mm] [-1 [%6] [-1 [kg] [MPa] [MPa] [MPa] [MPa]
Al1(3) 1425 406+308 0,17 57 1280 20,2 445 nm nm
A2(3) 1425 406+708 0,30 57 1280 22,3 48,5 nm nm
A3(2) 1425 406+1108 0,42 57 1280 20,5 54,4 nm nm
A4(7) 2195 405+6@12 0,48 8,8 2040 30,1 60,0 nm nm

B(6) 920 406 0,07 3,8 1280 22,4 52,8 2,2 2,5

W =Weight of specimens; p = Longitudinal reinforcement-degree, mild
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For the specimens A44-A47 and three of the B-specimens, the surface of the hollow-core
slabs was roughened during extrusion using a stiff rake attached to the extruder see Fig. 7.
This procedure left the slab-surfaces with a clearly visible macro-roughness of 1-3mm.

Figure 7: oughening of hollow-core slab surfac

The surfaces of the remaining hollow-core slabs were left with standard machine-cast finish.
Prior to the application of topping, the surface of the hollow-core slabs were brushed and
pre-wetted. After casting of topping, the specimens were wrapped in plastic and stored for at
least 14 days. The concrete maturity and compressive strength was monitored using continu-
ous temperature-measurements and cylinder-test

Mild Reinforcement
Table 2 displays the mean-values of the mild-reinforcement used in the topping concrete

Table 2: Mild-Reinforcement properties

Type Es fy fy fy &
Dim [-] [GPa] | [MPa] | [MPa] [%0]
a5 Cold-formed 219 592 1,06 1,7
6 Cold-formed 197 547 1,20 73
a8 Hot-rolled 178 583 1,07 7,1
@12 Hot-rolled 209 598 1,14 57

Strain gauges were mounted on the @12-bars used for the A4-specimens. However, the prep-
aration of reinforcement for mounting of strain gauges lead to a significant decrease of the
elongation capacity of the @12-bars. For some of the bars, the ultimate tensile strain capacity
was reduced by approx. 45% - from 9,45 to 5,26.

Prestressing

The precast slabs were reinforced with five prestressed strands @12.5 with an initial pre-
stressing of 1180 MPa. The mechanical properties of the presetressed reinforcement were not
measured prior to the conduction of the tests. The precast prestressed hollow core slabs were
manufactured by Danish company A/S Boligbeton, certified under DS/EN 1SO 9001.

TEST PROCEDURE

All specimens were tested using displacement-control, and the load was applied according to
three different schemes. All three schemes are defined by a number of pre-loading cycles and
a final cycle until failure. Each pre-loading cycle contained loading and unloading.

The A1-A3 specimens were subjected to three pre-loading cycles. For the Al-specimens, the
amplitude of the pre-loading cycles equaled the load-step when cracking was first observed.
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For the A2 and A3 specimens, the amplitude equaled 60% of the estimated yield-load. The
A4 specimens were subjected to one cycle of preloading, with an amplitude of 60% of the
estimated yield-load.

The B-specimens were also subjected to three cycles of pre-loading. However, the amplitude
was increased to 90 % of the estimated capacity.

TEST RESULTS. B-SERIES

OVERALL PERFORMANCE

In Fig. 8 the relationship between the piston-stroke and the applied load is displayed for five
of the six tested specimens. The test-series included a total of six specimens. However, one
of the specimens failed in an anchorage-failure, due to the development of a flexural crack
underneath the applied load, and has been excluded. BR-specimens refer to the specimens
with a roughened surface.

250 -

200 - BS1
£ 150 - BS2
= BS3
g 100 -

S | | | Jeeeeee BR1
04~ T BR2
0 T T T T T T T T T 1

01 2 3 4 5 6 7 8 9 10
Displacement [mm]

Figure 8: Load-displacement diagrams

As can be seen from the load-deflection diagrams, the specimens exhibited a very rigid and
almost perfect linear-elastic response before failure. Just prior to failure a minor degree of
softening initiates. However, no cracks were visible on the specimens-surfaces at this load-
level.

The failure was significantly brittle, and came suddenly without any indications. Immediately
after the propagation of the of line of failure, the applied load dropped, and equilibrium was
re-established due to the presence of the prestressed reinforcement.

MODE OF FAILURE
In Fig. 9 below the line of failure related to specimen BR2 is shown. The remaining speci-
mens failed in an identical manner.

Figure 9: Typical mode of failure. Left; BR2, Right; BS2
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At failure, a crack/failure-line propagated from the bottom-side near the support towards the
point of load-application. In most cases, the line of failure propagated horizontally just un-
derneath the loading-plate. This can be seen on Fig. 9, right, which displays specimen BS2
after a small increase in the applied displacement beyond failure. Hence, the parts on either
side of the line of failure was not completely separated during failure.

Based on the observation on the front-side of the specimens, the interface between topping
and hollow core slab did not seem to induce any disturbances on the propagation of the crack
and the subsequent line of failure. On the backside, however, minor horizontal cracks were
observed along the interface. In order to investigate the extent of these cracks, the specimens
were cut open after the test, se Fig. 10. The picture shows the section close to the point of
load-application, where the line of failure runs within the topping concrete.

Debonding

S R

)

Localized debonding at interface

-

Figﬁre 10:

As can be seen, these disturbances were found to be localized to a zone near the back-side,
where the topping and hollow core slabs were completely separated. (Right side on picture).
It is not fully understood what may have caused the localized separation between hollow-
core slabs and concrete topping. The same phenomena has been observed in other tests®,
where slabs of reduced widths have been used. On the other hand, in experimental investiga-
tions*?* involving slabs of full width, this has not been reported.

SHEAR CAPACITY

Table 3 shows the failure-load and the corresponding shear-capacity relative to the self-
weight of the specimens.

Table 3: Maximum load & shear capacity of specimens

BR1 BR2 BS1 BS2 BS3 Avg. Std.

[kN] [kN] [kN] [kN] [kN] [kN] [kN]
P, 1909 | 2002 | 1602 1752 | 1995 - -
Vy 1333 | 1398 | 1119 1224 | 1393 | 1293 10,7

In average, the capacity reached 129,3 kN with a standard deviation of 10.7 kN
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TEST RESULTS - A-SERIES

OVERALL PERFOMANCE

Fig. 11 below displays the relationship between the applied load and the midpoint-
displacement given as the piston stroke of the actuator. As mentioned earlier, the specimens
were pre-loaded before the final cycle. The load-displacements diagrams related to these cy-
cles are not shown. A range of different parameters describing the characteristics of the load-
displacement diagrams are given in Table 4 below - all relative to the self weight of the
specimens.
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Figure 11: Load vs. Midpoint-displacement. Left; A4, Right; A1-A3

All specimens cracked during the first pre-loading cycle, and the corresponding cracking
load P, is also given in Table 4. All specimens within the groups Al, A2 and A4 failed in a
flexural failure due to rupture of the reinforcement. Specimens A31 and A32 failed in a com-
pletely different manner, without rupture of any of the reinforcement bars. Furthermore, as
can be seen from the load-displacement diagrams, a quite noticeable descending branch was
observed for these two specimens. In the case of the A3-specimens u; represents the initiation
of this descending branch.

Table 4: Characteristic parameters obtained from load-disp.-diagrams

All | A12 | A13 | A21 | A22 | A23 A3l A32 A4l | A4d2 A43 | Ad4 | Ad5 | A46 A47

[ 240 | 26,0 | 27,5 | 2355 | 36,5 | 21,5 28,5 24,0 25 16,0 180 | 16,0 | 185 | 135 16,0

Py 345 | 37,2 | 36,2 | 685 | 655 | 70,0 | 100,0 98,5 80,9 | 80,0 80,3 | 77,2 | 814 | 770 78,5

Uy 4,0 4,4 44 | 11,4 | 79 | 10,6 115 13,1 259 | 239 26,4 | 232 | 238 | 23,0 22,8

Py 41,3 | 44,7 | 436 | 79,3 | 819 | 824 | 1165 | 1135 | 889 | 951 931 | 895 | 933 | 895 91,3

Uy 18,0 | 18,7 | 196 | 33,5 | 31,8 | 453 | 402 39,3 748 | 76,6 835 | 675 | 77,0 | 71,2 69,4

Us 244 | 249 | 26,9 | 628 | 416 | 582 | 46,0 850 | 87,5 | 1078 | 113,7 | 93,1 | 89,1 | 100,7 | 101,0

u 6,1 57 6,1 55 53 55 - - 34 4,5 43 4,0 3,7 4,4 4,4

Pu/Py 12 1,2 12 1,2 13 1,2 12 12 11 1,2 12 1,2 11 1,2 12

P.= Estimated cracking-load [kN]; P,= Estimated yield-load [kN]; P,= Peak-load [kN];
u,=Disp. at yield-load [mm]; u,=Disp. at peak-load [nm]; u~=Disp. at failure [mm]
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CRACKING BEHAVIOUR / MODE OF FAILURE

As mentioned, all specimens cracked during the first pre-loading cycle - the corresponding
cracking-load can be seen in Table 4. The first visible crack appeared along one of the verti-
cal interfaces at the joint in the middle. In specimens Al only one crack developed prior to
initiation of reinforcement yielding. Between initiation of yielding and load-peak two more
cracks developed at a distance of approx. 300 mm from the joint. However, these cracks were
only just visible, while the joint-crack reached approx. 15 mm just before failure. In Fig. 12,
left, specimen A12 is shown just before failure.

Figure 12: Left; Specimen A12 (u=22,8mm), Right; Specimen A23 (u=64,5mm)

For the remaining specimens multiple cracks were developed before initiation of reinforce-
ment yielding, and the distance between cracks ranged within 100 mm and 250 mm. In spec-
imens A2 and A4 cracks were mostly vertical with none of only a minor inclination. After
initiation of reinforcement yielding a minor number of cracks near the joint stated to open
extensively and disproportionately to the other cracks, se Fig. 12, right. Ultimately rein-
forcement was ruptured at the crack in the joint. The specimens failed in a monolithic mode.
As in the case of the B-specimens, a zone of localized interface separation was observed near
the adjusted edge on the back, se Fig. 10. However, this was not observed in the A4-
specimens, where no horizontal cracks were visible.

Fig. 13 displays specimen A31 during failure, after the load-displacement curve had entered
the descending branch. Specimen A32 failed in an identical mode, although larger displace-
ments were measured before the complete failure. Before peaking of the applied load, cracks
of a certain inclination were clearly visible on either side of the joint, and after the applied
load had peaked, one of these cracks suddenly started to open, and became just visible in the
compressive zone just above the level of prestressed reinforcement in the hollow core slabs.

s gl

S

Figure 13: Specimen A31, Left; u=52 mm, Right; u= 65 mm
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After a further increase of the applied displacement, the horizontal cracks at the level of the
topping reinforcement and near the bottom became clearly visible. Finally, both specimens
failed completely in a second failure involving crushing of the concrete in the joint. Howev-
er, when this occurred the width of the inclined crack/line of failure had exceeded 2-3 mm.
Fig. 14 below displays specimen A31 after the test.

Figure 14: Specimen A31 after test

TRANSVERSE DISPLACEMENTS

Transverse displacements were recorded at various positions along the length of the speci-
mens. The diagrams in Fig.15 display the displacements at different load-steps. Only one
diagram per specimen-group is shown. The dots indicates the position of the corresponding
LVDT, and the thick, red lines represent initiation of yielding, load-peak and failure, respec-
tively. For specimen A31 failure is given as the initiation of the descending branch.
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Figure 15: Transverse displacement of A-specimens, Top; A12 & A21, Bottom; A31 & A43
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DISCUSSION
A-SPECIMENS

When examining the load-displacement diagrams in Fig. 10 and the corresponding values in
Table 4, some important observations can be made. As mentioned, the mode of failure relat-
ed to the A3-specimens was completely different from the remaining A-specimens. However,
these differences did not appear before peak of the applied load.

All specimens exhibited a pronounced and well-defined response before the initiation of rein-
forcement-yielding, with only very small deviations within each group. For the Al-
specimens, the response was approximately linear-elastic with a constant stiffness until ini-
tiation of yielding. For the remaining specimens a certain decrease in stiffness is observed
when the load reaches approximately 60% of the yield-load. For the A4-specimens the elastic
response was almost bi-linear, while non-linearities are clearly visible for the A2- and A3-
specimens. It is believed, that these differences are mainly due to the shift from single to
multiple cracking combined with increased slenderness of the A4-specimens.

The behaviour of the specimens is also be characterized by a pronounced transition between
the elastic range and the post-elastic range, and, within each group, reinforcement-yielding is
initiated approximately at the same load-step. Subsequently, all specimens entered a distinct
yield-plateau, where the applied load was only slightly increased, while a great increase of
the displacements was allowed. As can be seen, the increase of load is approximately of the
same order as the ratio between the reinforcement yield-stress and peak-stress (f/fy), empha-
sizing that a plastic-plateau was in fact developed.

Concerning the Al, A2 and A4 specimens, the failure was indeed ductile. This is also sup-
ported by the fact, that all these specimens failed during a flexural failure triggered by rup-
ture of the mild longitudinal reinforcement in the topping concrete. Furthermore, besides the
aforementioned localized separation near the one side of the specimens, the specimens ap-
peared to behave monolithic during the complete load-regime. The differences in surface
texture of the hollow core slabs did not appear to have any noticeable influence on the be-
haviour of the specimens.

When comparing the degree of ductility x between the different groups it appears, that the
Al-specimens are the most ductile. In this case, it has to be emphasised that yielding was
obtained almost immediately after cracking for the Al-specimens. Hence, the uy-
displacement at first yielding are not directly comparable due to the differences between sin-
gle cracking and multiple cracking.

Furthermore, very small deformations were recorded for the Al-specimens before yielding,
and the influence of errors may therefore be increased relatively.

12
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In Table 6 below, the measured yield- and peak load is compared to the corresponding calcu-
lated capacities. The capacities have been calculated using the traditional plastic approach
well known from concrete mechanics. As can be seen, only small deviations are obtained.

Table 6: Comparison between calculated and measured capacities

All | A12 | A13 | A21 [ A22 | A23 | A4l | A42 | A43 | A44 | A45 | A46 | A47
| Pyiest | [KN] | 345 | 37 | 362 | 685 | 655 | 70 [ 809 | 80 | 80.3 | 772 | 814 | 77 [ 785
Py | [KN] | 368 | 368 [ 38| 73 | 73 | 73 | 77 | 7 | 77 [ =7 | 71 | 77 | 77
Dev. | [%] | 62 | 11| 16 | 62 [103 ] 41 | 51 | 39 | 43 [ -03 | 57 [ 00 | -19
Puwes | [KN] | 41 | 45 | 436 [ 793 | 819 [ 824 | 889 [ 951 | 931 | 895 | 933 | 895 [ 913
Puca | [KN] | 442 | 442 [ 442 ] 81 | 81 | 81 [ 8.2 ] 862 | 862 [ 862 | 86.2 | 862 | 86.2
Dev. | [%] | 72 | 22 | 14 | 22 | .11 | 27| 31 [-103] 80 [ -38 | 82 [ -38 | -5.9
In Fig. 15 the deflected shape of the Al, A2 0075 -
and Ad4-specimens is displayed at different '
load-steps. The diagrams all reveal that, as the 0.050 1
displacements are gradually increased, the = o0.025 -
change of rotation is gradually becoming local- % 0.000
ized within the central region around the point £
of load application. Combined with the fact, £ ~°° ]
that a plastic plateau was actually developed %  -0.0%0 1
this suggests that plastic hinges are developed. -0.075 Specimen-axis [mm]
The corresponding rotation-diagrams are shown 0.075 -
in Fig. 16, and have been derived using numeri- 0.050 -
cal differentiation. The diagrams evidently sup- = 0025
ports the supposition, that plastic hinges are de- &£
veloped, and that rigid-body movement is domi- g 0%
nating within the post-elastic range. £ 0025
2 0050 |
When considering the Al-specimens, the term
. . . . . . -0.075 -
"hinge" might be slightly misleading since only
a single crack was developed. This is also re- 0.075 1
flected by the rotation-diagram of A12, where 0.050
the change of rotation appears to be restricted to
a single point. E 0.025 1
— 0.000
The deformation-capacity of a plastic hinge is 5 -0.025 1
typically defined, as the ability of the hinge to g 0,050 1
perform angular displacements due to plastic . .
-0.075 - Specimen-axis [mm}

deformations, and is evaluated as the sum of
curvatures along the length of the plastic zone.

Figure 16: Rotation-diagrams; A12, A21 & A43

Due to the presence of bond-stresses between concrete and reinforcement the plastic zone
can be highly discrete, which makes it difficult to address the rotation-capacity of a plastic

hinge experimentally.

13
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In this paper, the approximate magnitude of plastic rotations is estimated as the difference
between the sum of end-rotations at failure and the sum of the end-rotations at initiation of
reinforcement yielding. The end-rotations are estimated using the midpoint-displacement at
the corresponding load-level, yielding and failure.

In Table 7, the estimated magnitude of the plastic rotations €, are given along with the sum of
end-rotations at failure &

Table 7: Estimated rotation capacity

All | A12 | A13 | A21 | A22 | A23 | A4l | Ad42 | A43 | Ad44 | A45 | Ad6 | A47
0; | [rad10% 34 35 38 88 58 82 80 98 104 | 85 81 92 92
6, [rad10%] 29 29 32 72 47 67 56 76 80 64 59 71 71

In the graph below in Fig. 17, the estimated plastic rotation is plotted against the correspond-
ing degree of mild reinforcement.
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Figure 17: Rotation capacity vs. reinforcement degree

As can be seen, large scatter was obtained, especially among the A4-speciemens, and a more
pronounced increase of the capacity was expected. It is not known exactly what caused these
results, however, two different factors might have influenced the outcome. First of all, the
compressive strength of the topping concrete was higher for the A4-specimens than for the
other groups. Hence, the influence of tension-stiffening might have been relatively greater.
Secondly, and more importantly, the preparation of reinforcement for mounting of strain
gauges lead to a significant decrease of the elongation capacity of the @12-bars.

A3-specimens

As stated, the behavior of specimens A31 and A32 was similar to the A2- and A4-specimens
when considering the elastic range and the initial part of the plastic plateau. This similarity is
also evident from the displacement- and rotation curves, which are shown in Fig. 15 and Fig.
18 for specimen A31, respectively. After yielding, a plastic hinge is developed at midpoint of
the specimen, and this behavior continues until the applied displacement reaches the begin-
ning of the descending branch. Subsequently, the gradual development of an additional point
of rotation becomes apparent, approximately coinciding with the point of intersection be-
tween the topping reinforcement and the crack, that ultimately developed into the line of fail-
ure.
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Fig. 18: Rotations, A31

This mode of failure was quite unexpected, and therefore the kinematics of the crack and
subsequent line of failure is not known in details. However, it was verified that the line of
failure evolved from a flexural crack - clearly visible in the topping concrete.

As can be seen from Fig. 13, the width of the inclined crack/failure line is significant at the
onset of concrete crushing (2-3mm), indicating that the magnitude of shear stresses trans-
ferred by aggregate interlock along the crack is either zero or greatly reduced. This suggests,
that the A3-specimens failed in shear. The shear failure appears to have been initiated due to
the fact, that an inclined crack at a critical position reached a critical width, and thereby by
exceeding the ultimate shear capacity activated by aggregate interlock. Subsequently, a
weakened section has been created, which can also explain the development of an additional
"hinge" and the decrease in load, as given by the load-displacement diagrams.

Even though not directly comparable, it can be seen that the apparent shear-capacity of the
A3-specimens comprised approximately only 50% of the shear-capacity of the B-specimens,
where no cracks were visible before failure. It appears reasonable to speculate that this reduc-
tion is due to the shear-flexure cracks introduced by the hogging moment. Furthermore, due
to the gradual transfer of prestressing near the end-zone combined with the presence of shear-
flexure cracks, the benefits from prestressing might only be marginal.

CONCLUSION

For all of the tested specimens, hollow-core slabs and concrete topping was found to act as a
composite unit. For all specimens, localized cracking along the horizontal interface was ob-
served on one side. However, the specimens failed in a monolithic manner, which did not
appear to be initiated by this localized interface delamination. This is consistent with other
test-results.
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In terms of the A-specimens, specifically, a ductile behavior was observed, and with the ex-
ception of the A3-specimens, a consistent performance was observed within each specimen-
groups. The capacity with regards to yield- and ultimate loads was estimated using a tradi-
tional rigid-plastic approach, and sufficient accuracy was obtained.

The investigations also revealed that plastic hinges were able to develop in the zone near the
joint.

Regarding the A3-specimens, some degree of discrepancy was observed with respect to the
displacement, at which the descending branch was initiated. It is believed, that these speci-
mens failed in a shear due to extensive opening of cracks. However, due to the lack of meas-
urements on the kinematics of the inclined cracks, and the fact that only two specimens were
tested, no final conclusions can be made.

These findings suggest, that the simple type of connection tested, to some extent is suitable
for design of continuous composite hollow-core slabs. However, the interaction between
shear and flexure in the region near the joint must be further investigated in order to gain
more knowledge regarding the shear-carrying mechanism when cracks are introduced. Espe-
cially, with regards to the influence of shear on the rotation-capacity of the hogging region in
composite slabs.
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