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ABSTRACT

This paper deals with punching of reinforced high strength concrete (HSC) flat slabs. Despite
the use of HSC increased significantly in the last years, the experimental research on punching
behavior of HSC slabs is still limited. Furthermore, most of this past research adopted concrete
compressive strength lower than 90 MPa. In a previous work by this research group three
specimens with concrete compressive strength around 120 MPa and one with normal strength
concrete (NSC) were tested. The present work represents the continuation of the previous
activity and it is focused on the rational use of HSC. Four specimens with HSC and one of NSC
were tested under monotonic vertical loading. The HSC was placed only in the slab-column
connection region and it was limited to a thin layer in the compressive zone, in order to have a
more economical and sustainable solution. This rational use of the HSC showed excellent
results in terms of punching strength. Limiting the HSC to a thin layer in the compressive zone
resulted in an almost equal punching strength to that obtained with the slab entirely casted in
HSC.

1. INTRODUCTION

In the last years the use of high strength concrete (HSC) increased significantly. There are
several examples of buildings or bridges in which HSC is present all over the world [1-5]. An
important contribute to the development of the HSC was provided in Chicago. From the 1960s
to the 1970s the concrete strength used in Chicago for the construction of high rise buildings
passed from 15-20 MPa to 45-60 MPa [2]. In 1960 the Washington State Highway Department
specified 41 MPa for concrete prestressed girders and one year later in Seattle concrete
strengths of 48 MPa, while 55 MPa were specified respectively for the monorail track girders
and for the concrete piles of the Seattle Port [6]. The rapid increase of the attainable
compressive strength showed in the 1960s was mainly due to the spread of chemical and
mineral admixtures [7] that allowed for reducing the water content in the concrete.

The definition of HSC has changed over the years, during the 1950s a concrete with a
compressive strength higher than 34 MPa was considered by the American Concrete Institute
(ACI) as HSC [8]. In 1984 the ACI defined the HSC with a concrete strength higher than 41 MPa,
this value remained valid until 1997 when the minimum strength to be considered HSC was set



equal to 55 MPa [9]. Currently, ACI 318-19 [10] does not include any definition of HSC,
however in the commentary the use of other formulae for the calculation of the elasticity
modulus is suggested when the concrete compressive strength is higher than 55 MPa.
Nowadays there is no definition of HSC in European codes, however in both Eurocode 2004
[11] and Model Code 2010 [12] measures and formulae change when the concrete strength is
greater than C50/60. For this reason, 50 MPa could be assumed as the minimum strength for a
concrete to be considered an HSC.

With regards to punching of reinforced concrete flat slabs there are few experimental
campaigns dealing with HSC. In 1991 Marzouk and Hussein [13] studied the punching behavior
of HSC flat slabs by testing 17 specimens, two of these with normal strength concrete (NSC) for
reference. The 1700 mm x 1700 mm square slabs were simply supported along the perimeter
and they were axially loaded through a column stub. The used HSC compressive strength
varied from 66 MPa to 80 MPa. Only two specimens, with low reinforcement ratio, failed by
flexure while the others failed by punching. The authors observed that HSC slabs exhibit a
more brittle failure than NSC slabs. In 1993 Regan et al. [14] and Ramdane [15] tested 18
circular slabs with a diameter of 1700 mm and a thickness of 125 mm. However, considering
just the HSC slabs that failed by punching the available tests are only 6. The authors observed
that the slab deformation outside the supported zone could be assimilated to a rigid body
rotation. The slab rotation at failure decreased as the longitudinal reinforcement ratio
increased. Also in 1993 Tomaszewicz [16] performed an extensive experimental campaign
consisting in 19 square slabs, 13 in normal weight concrete and 6 in light weight concrete. The
slab thickness varied from 120 mm to 320 mm and the longitudinal reinforcement ratio was
fixed between 1.49% and 2.62%. The concrete compressive strength varied from 64 MPa to
112 MPa. The author observed that in the case of HSC, simple extending of existing design
methods can lead to an overestimation of the punching strength.

The present research represents the continuation of a previous work performed by Inacio et al.
[17] that consisted of an experimental campaign including three HSC slabs and one NSC slab.
The authors highlighted that as the concrete compressive strength increases from 36 MPa to
130 MPa the punching capacity increases 42%, for longitudinal reinforcement ratios of 1.25%.
The present paper is focused on the rational use of the HSC to improve the punching strength
of reinforced concrete flat slabs, because since being a more costly material, when compared
with NSC, the use of HSC should be optimized. With that aim in mind, the objective was to use
only the HSC in localized areas at the slab-column connection, being the rest of the slab cast
with NSC. The zone casted with HSC was not only limited in plan, but also in height, being the
HSC only used in a thin layer in the compressive zone. The reasoning to this assumption was
the works of Faria et al. [18] and Mamede et al. [19] that suggested that the compressive
strength was more relevant to increase the punching capacity, than the concrete tensile
strength. This way it was possible to minimize the economic impact of using HSC and enhance
its competitiveness.



The first example of rational use of HSC applied to flat slabs was provided by Hallgren and
Kinnunen [20] [21], where the concrete compressive strength of NSC and HSC were equal to 25
MPa and 95 MPa respectively. The authors highlighted that the test slab with HSC placed
locally above the column and with NSC cast around the HSC portion provided almost the same
results of slabs made completely with HSC. The punching strength resulted about 60% higher
than that of the identical NSC slabs. In 2015 Zohrevand et al. [22] studied the partial use of HSC
to enhance the punching strength of flat-slabs. The authors developed three specimen
configurations, the full use of NSC or HSC, the combined use of full-depth HSC in the column
vicinity and NSC outside, and the combined use of half-depth HSC in column vicinity in the
tension zone and NSC outside. The compressive strength of the HSC varied from 129 MPa to
151 MPa while the NSC was about 45 MPa. The punching capacity of a slab made completely in
HSC resulted more than 3 times that provided by the slab in NSC. The use of full-depth HSC in
the column vicinity allowed for shifting the punching cone outside the strengthened zone, as in
case of shear reinforcement, increasing the punching shear area and enhancing the punching
strength. Conversely the half-depth application of HSC in column vicinity in tension zone did
not significantly increase the punching strength of the slab. In the latter case the critical crack
passed outside the strengthened zone, affecting only NSC.

Differently to Zohrevand et al. [22] the use of HSC in compression zone is preferred to the
tension zone. This choice is supported by several considerations. From a mechanical point of
view the HSC in compression zone enhances the stiffness and the flexural capacity of the slab
allowing for increasing the punching strength. In general the presence of HSC in column
vicinity increases the interlocking strength, however when the HSC is used in tension zone the
critical crack could deviate affecting only the NSC, as shown by Zohrevand et al. [22].
Conversely when the HSC is applied in the compressive zone the critical crack is obligated to
pass through this layer or alternative the punching cone is shifted outside the strengthened
zone. In both cases the punching strength is significantly increased. Actually, for concrete
compressive strength f.;m>60 MPa the beneficial effect provided by the presence of HSC can be
partially lost by the lower roughness of the critical crack due to the failure of the aggregates.

Finally, from a constructive point of view the use of HSC in the column vicinity in the
compressive zone, that corresponds to the slab bottom, is much simpler than using it in the
tension zone, that corresponds to the slab top.

2. EXPERIMENTAL RESEARCH

As mentioned above this experimental activity represents a continuation of a previous one
performed by Inacio et al. [17]. This second phase of the experimental program consists in 5
specimens, 4 partially made using HSC and one in NSC. The geometry of the specimens is the
same of the previous experimental campaign. The specimens measured 1650 mm x 1650 mm
with a thickness of 125 mm (h). The test setup is shown in Figure 1, the 1000 kN hydraulic jack
is positioned under the slab.
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Figure 1 — Test setup

The load is spread by means a square steel plate 200 mm side and 50 mm thick. Eight reaction
points are positioned on the top of the slab using four prestressed steel strands and spreader
steel beams. The radius intercepting the loading points is equal to rq= 765 mm.

In the previous experimental activity the top longitudinal reinforcement ratio varied between
0.94%, 1.24% and 1.48%. For the slab specimens presented along this paper, the top
longitudinal reinforcement consisted of 12 mm bars, spaced every 90 mm in both orthogonal
directions, with identical layout to the one used in specimen SHSC2, in order that their results
can be compared directly. The bottom reinforcement consisted of 8mm bars spaced 200mm
for all slabs. Both lower and upper reinforcement layers end in slab bound. The longitudinal
reinforcement concrete clear cover of both faces was 20 mm. During the manufacture of the
specimens their mean effective depths (d) were measured and are presented in Table 1.

Table 1 — Main characteristics of the specimens

Specimen d (mm) p (%) HSC zone (mm)
SHSC2* 101.6 1.24 Full
SNSC4* 100.7 1.25 none
SHSC5 100.6 1.25 950x950x42
SNSC6 100.2 1.25 none
SHSC7 100.0 1.26 575x575x42
SHSC8 100.8 1.25 575x575x42
SHSC9 100.9 1.25 950x950x42

*Specimens investigated by Inacio et al. [17].

The specimens SHSC2 and SNSC4 investigated in the previous experimental campaign have the
same longitudinal reinforcement ratio adopted in this work, therefore in the following the
results of these specimens are also shown to be compared with those of the present
experimental campaign. The geometry of the specimens with rational use of HSC is shown in
Figure 2. The thickness of the HSC layer is set equal to 42 mm that corresponds to about one
third of the slab thickness. Two sizes of HSC layer are investigated, 575x575 mm? and 950x950
mm?Z. In the first case the HSC layer is extended 1.5-h outside the support, while in the second
case the HSC layer is extended 3.0-h outside the support.



To ensure the desired geometry of the HSC region in accordance with Figure 2, a galvanized
hexagonal steel net was used to act as a formwork for the HSC, as shown in Figure 3. The
region with HSC was cast first, soon after, the NSC part was cast. The adopted construction
method allowed to obtain a monolithic connection between the two different concretes.
Furthermore, just minimal deviations from the intended geometry were observed.

(a) (b)

h=125 mm | s, h,sc= h/3= 42 mm

Figure 2 — Geometry of specimens with rational use of HSC: (a) 575x575x42 mm (b) 950x950x42 mm.

Figure 3 — Steel net used as a formwork for the HSC region (left), casting phase of the HSC region (right).

2.1 Materials

For the NSC crushed coarse limestone aggregate with fine sand were used, while for HSC
crushed coarse basalt aggregates with medium and fine sand were adopted. The HSC was
produced using Portland cement type CEM | 52.5R while the NSC was produced with Portland
cement CEM 1I/B-L 32.5N. Silica fume, in amount equal to 10% of the cement weight, was
added during the mixing process to enhance the mechanical proprieties of the HSC, as
suggested by several authors [23-26]. Three different NSC mixtures were used to evaluate the
influence of the NSC mechanical characteristics on the slabs behaviour. For NSC the water
cement ratio was set equal to 58% while in the HSC was kept equal to 28%. Therefore, in the
HSC superplasticizer was also added during the mixing to improve the workability. The



maximum aggregate size resulted 13.9 mm for the HSC and 13.2 for the NSC. The materials
guantities used in the concrete mixtures are listed in Table 2.

Table 2 — Concrete mix proportions (kg/m?3)

HSC NSC
Mix design SHSC2* and SNSC6 and SHSC8 and
All spec. SNSC4* SHSCS SHSC7 SHSC9
500 320 450 280 320
Cement (CEM | (CEM 11/B-L (CEM 11/B-L (CEM 11/B-L (CEM 11/B-L
52.5R) 32.5N) 32.5N) 32.5N) 32.5N)
Silica fume 50 - - - -
Coarse aggregate
(8/16) 1088 906 871 880 906
Medium sand (2/4) 489 626 655 597 626
Fine sand (0/2) 249 286 117 311 286
Superplasticizer 8.43 - - - -
Water** 139.1 184.3 208.2 163.4 184.3
(28%) (58%) (58%) (58%) (58%)

*Specimens investigated by Indacio et al. [17], **the water cement ratio is also provided in %.

The concrete compressive (fc) and tensile (fc:) strengths were determined on 150 x 300 mm
cylinders, according to EN 12390-3 [27] and EN 12390-6 [28] respectively. The concrete
modulus of elasticity (Ec) was determined on 150 x 300 mm cylinders subjected to compression
load according to EN 12390-13 [29]. The modulus of elasticity was calculated during loading
and unloading cycles between two threshold values, the maximum stress was set equal to
1/3-f. while the minimum stress was 0.50 MPa. Characteristics of concrete at the date of slab
testing are shown in Table 3.

Table 3 — Mechanical properties of concrete

Specimen Age of concrete NSC HSC
(days) fc (MPa) | fosp (MPa) | Ec (MPa) | fc (MPa) | fesp (MPa) | Ec (MPa)
SHSC2* 62 - - - 130.1 8.4 55500
SNSC4* 59 35.9 2.6 32600 - - -
SHSC5 62 58.0 4.0 40200 118.5 8.0 53100
SNSC6 60 23.0 2.5 31500 - - -
SHSC7 60 24.7 2.6 34000 127.3 7.2 53000
SHSC8 59 38.9 3.1 35700 125.2 7.5 53800
SHSC9 59 39.1 2.8 37200 125.8 7.9 52500

*Specimens investigated by Indcio et al. [17].

The vyield stress (f,) and the tensile strength (f;) of the longitudinal reinforcement was
determined according to [30] performing direct tensile tests on rebar samples. Characteristics
of steel reinforcement are shown in Table 4.

Table 4 — Mechanical properties of steel reinforcement

Specimen Reinforcement
fy (MPa) fi (MPa)
SHSC2* 523.4 671.4
SNSC4* 532.3 642.6
SHSC5 523.4 671.4
SNSC6 523.4 671.4
SHSC7 523.4 671.4
SHSC8 532.3 642.6
SHSC9 532.3 642.6

*Specimens investigated by Inacio et al. [17].




2.2 Instrumentation

During the tests both loads and vertical displacements were measured. The loads were
monitored by means of four load cells placed in correspondence of the steel strands. Vertical
displacements were measured using 11 linear variable differential transformers (LVDT). The
arrangement of the LVDTs is shown in Figure 4, LVDTs D2 to D7 were placed in the direction of
the higher effective depth, while LVDTs D8 to D11 were placed in the direction of the lower
effective depth.
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Figure 4 — LVDT’s and loading plate’s position

Strains of top longitudinal reinforcement were also measured by couples of strain gauges
glued to the rebars. The strain gauges were placed on the top reinforcement bars with higher
effective depth. The position of the strain gauges is shown in Figure 5.
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Figure 5 — Strain gauges position

3. EXPERIMENTAL RESULTS

3.1 Vertical displacements

The load-deflection relationships were obtained calculating the relative displacement between
the center of the slab and the generic LVDT. For each couple of opposite LVDTs the average
value of relative displacement is provided. The initial load results different from zero since it
accounts the self-weight of the specimen and the equipment placed on the slab. The load-
displacement curves of all specimens, included SHSC2 and SNSC4 investigated by Indcio et al.

[17], are provided in Figure 6.
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Figure 6 — Load-displacement curves

In the specimen SHSC2, completely made in HSC, the flexural cracking occurs at about 150 kN
while for the others the cracking occurs between 50 kN and 100 kN. This different behavior
exhibited by the specimen SHSC2 is due to the higher tensile strength provided by the HSC.
The specimens partially made in HSC do not show this behavior since the HSC is placed only in
compression zone. Therefore, the cracking moment of these slabs is comparable to that
provided by the specimens casted only with NSC (SNSC4 and SNSC6). As expected, the load-
deflection curves were stiffer before flexural cracks start to form and develop. The vertical
displacements at failure for all the slabs with HSC were similar, showing that the use of a



limited quantity of HSC did not affected significantly the slab’s deformation capacity. The slabs
casted enterally with NSC (SNSC4 and SNSC6) presented lower vertical deformations at failure,
but also lower failure loads.

3.2 Longitudinal reinforcement strains

The strain evolution of the top reinforcement is obtained from the average measure of each
couple of strain gauges glued at the bars. The load-strain curves of all specimens are provided
in Figure 7. A dashed line marks the considered vyield strain for each specimen. The strain
evolution in the top reinforcement highlights the beneficial effect of the HSC. The specimen
SHSC2, completely made in HSC, showed three strain measures exceeding the strain at yielding
of reinforcement, corresponding about to 2.6%o.. Conversely the two specimens made in NSC,
SNSC4 and SNSC6, showed strain values lower than 2.0%.. Finally, the specimens with partial
use of HSC showed two strain measures exceeding the yielding strain. Actually, for the
specimen SHSC8 there is only one measure greater than 2.6%o., because the strain gauges
number 1-2 placed on the center of the slab misfunctioned without recording any data.
However, the result of the strain gauge number 3 suggests that probably also the couple 1-2
exceeded the yielding strain. The development of a full flexural yield line was not achieved in
any specimens.

It can be observed that in some bars the strains show a sudden increase for a load level
corresponding roughly to the beginning of the flexural cracking development. This is especially
true for the slab SHSC2 made entirely of HSC. This behavior may be justified by the transfer of
stresses between the tensioned concrete and the reinforcement bars that occur at moment of
crack formation, which is higher for that slab since the concrete in tension is also HSC.
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Figure 7 — Strain-Load curves

3.3 Slabs load capacity and failure mode

All specimens failed by punching. The saw cuts of the tested specimens are shown in Figure 8.
The presence of HSC, in hybrid slabs, is made evident by the darker color compared to NSC.



Figure 8 — Saw cuts of tested specimens

According to Bompa and Onet [31] the main variable that affects the crack inclination is the
slab slenderness. In this case, the slab geometry is kept unchanged for the entire research
program, therefore almost the same crack inclination for all the specimens was expected. At
first sight, the critical cracks provided by the specimens SHSC2 and SNSC6 appear more
inclined than those provided by the other specimens. Actually, almost all the other specimens
showed two main cracks, one more inclined (=40°), as specimens SHSC2 and SNSC6, and one
less inclined (=15°).

In Figure 9 the comparison between the load-displacement curves of all specimens is provided.
The displacements are referred to the LVDTs D8-D11, which identify the direction of lower
effective depth.
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Figure 9 — Comparison between load-displacement curves, LVDTs D8-D11.



From the comparison between the load-displacement curves it is possible to distinguish three
groups: the slab made in entirely of HSC (SHSC2), the hybrid slabs (SHSC5, SHSC7, SHCS8 and
SHSC9) and the slabs made in of NSC (SNSC4 and SNSC6). The load-displacement curve
provided by the specimen SHSC2 appears shifted upward with respect to the other curves.
Furthermore, both cracking and failure loads resulted the highest. The load-displacement
curves exhibited by the NSC specimens resulted slightly less stiff than the others while the
punching loads resulted much lower than those provided by the other slabs. Finally, the hybrid
slabs provided an intermediate behavior between the latter. Cracking loads resulted almost
equal to those provided by the NSC slabs, while failure loads and deformation capacity
resulted close to that provided by the SHSC2 specimen, made completely of HSC. The
experimental failure loads are listed in Table 5.

Table 5 — Main characteristics of the specimens and failure loads

fc (MPa) dg (mm) Failure loads
Specimen | HSC zone (mm) | d(mm) | p (%) NSC HSC NSC HSC fy (MPa) Vexp AV**
(kN) (%)
SHSC2* Full 101.6 1.24 - 130.1 - 13.9 523.4 439 +43%
SNSC4* none 100.7 1.25 | 35.9 - 13.2 - 532.3 310 -
SHSC5 950x950x42 100.6 1.25 58.0 118.5 13.2 13.9 523.4 417 +35%
SNSC6 none 100.2 1.25 23.0 - 13.2 - 523.4 305 -
SHSC7 575x575x42 100.0 1.26 24.7 127.3 13.2 13.9 523.4 405 +31%
SHSC8 575x575x42 100.8 1.25 38.9 125.2 13.2 13.9 532.3 428 +39%
SHSC9 950x950x42 100.9 1.25 39.1 125.8 13.2 13.9 532.3 424 +38%

*Specimens investigated by Indacio et al. [17], **The reference failure load is provided by the average of SNSC4 and
SNC6 failure loads.

As shown in Table 5 the rational use of HSC provided very good results in terms of punching
strength. The average punching load provided by the hybrid slabs resulted equal to 419 kN
that is about 5% less than the failure load provided by the slab completely made in HSC. When
compared with the average failure loads of the slabs made with NSC, the hybrid slabs showed
an average increase of about 36% of the load capacity. In the following, this important
experimental evidence is explained by means of an analytical approach.

4. ANALYTICAL APPROACH

As shown above, the partial use of HSC allowed for the increase the punching strength up to
39%. The introduction of the HSC near the column in the compression zone provides two
beneficial effects. The first is related to the enhancement of the flexural strength while the
second consists in the increase of the interlocking strength. Both these effects contribute to
enhance the punching strength of the slab. The Critical Shear Crack Theory (CSCT), developed
by Muttoni in 2008 [32] is a comprehensive model for the determination of the punching
strength of reinforced concrete flat slabs. This model accounts both the flexural behaviour of
the slab and the interlocking strength of the critical surface. For this reason, this model is
particularly suitable for the interpretation of the experimental results of this type of slabs. The
application of the CSCT to slabs with partial use of HSC is presented in the following.

In general, for layered slabs the CSCT should be modified in two respects [33]. The first is
related to the determination of the load-rotation curve and the second regards the calculation
of the failure criterion.




The load-rotation curve is determined by imposing the equilibrium conditions to the slab
sector (Figure 10). The equilibrium of the slab sector can be expressed as follows [32]:

A Ts
V-E-(rq—rc)=—mr-Ag0-r0—A(p-j mg - dr (1)

To

The presence of HSC in the compressive zone near the column alters the radial moment (m;)
and the integral of the tangential moments (m¢). Thanks to the presence of the HSC the
flexural capacity of the slab is enhanced and the load-rotation curve is arisen.

Figure 10 — Slab sector with hybrid use of concrete: (a) forces in concrete and reinforcement (b) resultant internal
and external forces acting on the slab sector

However, the most important modification provided by the partial use of HSC consists in the
increase of the interlocking strength. According to Vecchio and Collins [34] the interlocking
force that can be transmitted across a crack is a function of the concrete compressive strength
(fem), the maximum diameter (dg) of the aggregate and the crack width (w). The failure criterion
proposed by Muttoni in 2008 [32] (equation (2)) for R/C flat slabs without shear
reinforcement, reflects this model.

3  bord-yfe
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In general, the interlocking strength increases at concrete compressive strength increasing.
However in elements made of high-strength concrete, cracks tend to develop through the
aggregate rather than passing around them [35]; therefore for high strength concrete dg
should be corrected accounting for the reduced roughness of the failure surface [36]:

d =d, -min ((ﬂ)z ; 1)
g,HSC — Qg o) (3)

In Figure 11 the relationship between rotation (/) and punching strength (Vr/b,-d), calculated
according to equations (2) and (3), is shown at varying of the concrete compressive strength
fem. The effective depth d is assumed equal to 100 mm, the maximum aggregate size is chosen
equal to 13.9 mm and the concrete compressive strength is varied from 20 MPa to 140 MPa
(20 MPa, 40 MPa, 60 MPa, 80 MPa, 100 MPa, 120 MPa and 140 MPa).
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Figure 11 — Relationship between rotation () and punching shear strength Vr/bo-d according to Muttoni et al. [32]
at varying the concrete compressive strength (fem).

As shown in Figure 11, considering the typical rotation range for punching failure, at concrete
compressive strength increasing the punching strength increases. However, the beneficial
effect achieved by increasing the concrete compressive strength for f.,>60 MPa tends to be
lower than that achieved for f.<60 MPa, due to the reduced roughness of the failure surface
for high strength concrete.

For hybrid slabs, to account for the presence of different concrete strengths and maximum
aggregate sizes, Inacio [9] proposed the introduction of an equivalent concrete. The
equivalence should be intended in terms of interlocking strength.

The following equivalent quantities are proposed:

_ Jfensc husc * fense (X — hysc)

Jeeq = x x > hyge (a)
fc,eq = fensc X < hyse
dg,eq = dg,HSC (5)

where hysc is the depth of HSC layer and x is the depth of the compressive zone. Therefore, the
punching strength is calculated considering the equivalent concrete compressive strength (4)
and the maximum aggregate size of the high strength concrete (5). Usually, for slender slabs
the depth of the compressive zone x could be calculated according to the flexural theory,
conversely for compact slabs or for footings the flexural theory leads to an underestimation of
the compressive depth. Further information about the determination of the compressive
depth are found here [36,37]. In the present case, the flexural theory has been used.

The choice of weighting the concrete strengths on the compressive depth (x) only, has been
suggested by the experimental results. In this experimental campaign the depth of the HSC



(husc=42 mm) is always higher than the compressive depth (x=22 mm); this thin layer of HSC
allowed for an enhancement of the punching strength comparable to that achieved by the slab
made entirely of high-strength concrete (Table 5). However, if the depth of the HSC is lower
than the depth of the compressive zone, it is reasonable to account the strength of the upper
concrete layer also (4).

With regards to the choice of the equivalent maximum aggregate size the authors suggest
considering the HSC only. Conversely, the use of a weighted average of the maximum
aggregate size could lead to hybrid slabs more resistant than slabs made completely of HSC.
Indeed, the maximum aggregate size of HSC should be reduced according equation to (3) while
the maximum aggregate size of NSC could be assumed without any reduction.

The scenario of hybrid slabs with more strength than slabs completely made of HSC is
considered unlikely for a wide range of NSC compressive strength and aggregate size. For
effective depth higher than 200 mm and maximum aggregate size higher than 30 mm the
scenario of hybrid slab more resistant than slabs completely made of HSC could occur if a NSC
with a compressive strength close to 60 MPa is used. However, also in this case the proposed
approach results on the safe side since it leads to a lower punching strength.

However, for a full validation of the proposed equations further experimental activities are
needed. In particular, different depths of the HSC layer and different values of maximum
aggregate size should be investigated.

In this experimental campaign the depth of the HSC is always higher than the compressive
depth, therefore the failure criterion becomes:

3 by - d -/ feusc
4 Y-d (6)
1+15-—+—F——
dgo + dg usc

Vr (VJ) =

In Table 6 both experimental results (Vexp, Yexp) and analytical predictions (Vin, i) are
presented.

Table 6 — Comparison with the CSCT

- HSC zone fc (MPa) dgeq f, - Loads;/ LpRotatior:; - ji)/mpa:ti’son/w
pecimen ’ exp th exp th exp/ Vth exp/ Wth
(mm) NSC | HSC (mm) (MPa) kN) | (kN) %) %) 0 0
SHSC2* Full - 130.1 2.96 523.4 439 | 423 | 1.54% | 1.62% 1.04 0.95
SNSC4* none 35.9 - 13.2 532.3 310 | 308 | 1.18% | 1.24% 1.01 0.95
SHSC5 950x950x42 | 58.0 | 118.5 3.56 523.4 | 417 | 397 | 1.63% | 1.72% 1.05 0.95
SNSC6 none 23.0 - 13.2 523.4 | 305 | 260 | 1.33% | 1.06% 1.17 1.26
SHSC7 575x575x42 24.7 | 127.3 3.09 523.4 405 | 387 | 1.58% | 1.83% 1.05 0.86
SHSCS8 575x575x42 | 38.9 | 125.2 3.19 532.3 | 428 | 394 | 1.60% | 1.77% 1.09 0.90
SHSC9 950x950x42 39.1 | 125.8 3.16 532.3 424 | 399 | 1.52% | 1.75% 1.06 0.87
Avg 1.07 0.96
cov 4.59% 12.99%

*Specimens investigated by Indcio et al. [17].

The theoretical predictions of the slab rotation at failure () are determined at the
intersection between the failure criterion curve (equation (2)) and the load-rotation curve
(equation (1)) for each specimen. The experimental slab rotations ({ex) are derived from the



vertical displacement measurements assuming a conical deformation of the slab outside the
column region [39]. In particular the experimental rotations are calculated as {w= v/r, where v
is the average vertical displacement in correspondence of the line of zero moments (see Figure
4) and r is the distance of this line from the column (in this case r=665 mm).

The application of the CSCT shows good results in terms of punching capacity prediction. The
average ratio between the experimental punching values and the theoretical predictions is
equal to 1.07 while the coefficient of variation is 4.59%. Furthermore, the average ratio
between the experimental rotation at failure and the theoretical prediction is equal to 0.96
while the coefficient of variation is 12.99%.

The application of the CSCT provides good results also for slabs with hybrid use of HSC.
Considering only these specimens, the average ratio between the experimental punching
values and the theoretical predictions is equal to 1.06 while the coefficient of variation is
1.44%. The latter seems to confirm that the equivalence in terms of interlocking strength is
correct and both equations (4) and (5) provide good results. Furthermore, the correction of the
maximum aggregate size performed according to equation (3), in order to account the reduced
roughness of the surface for high strength concrete, seems to lead to results on the safe side.
For both the slab completely made of HSC and hybrid slabs the experimental punching loads
are about 5% higher than the punching predictions.

5. PARAMETRIC STUDY

Therefore, according to the analytical approach shown above, a parametric analysis of the
main variable affecting the performance of hybrid slabs is proposed. This analysis investigates
the influence of both width and thickness of the HSC layer placed in hybrid slabs. A 200 mm
thick slab with a span of 7.00 m, supported by 400x400 mm columns, is taken as case study.
Eight hybrid slabs grouped in two series and one NSC slab are considered in this analysis. In the
first series named “E” the HSC is extended to the entire slab surface while in the second series
named “R” the HSC is placed only near the column, allowing for a more rational use of this
enhanced material. In this case the perimeter of the HSC layer is set at 2.0-h from the column,
that provides in this case a width of 1200 mm. In both series four different thicknesses of HSC
layer are simulated. In Figure 12 both series “E” and “R” are shown about their centreline.
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Figure 12 — Hybrid slabs: Series “E” and Series “R”.

The concrete compressive strength of the NSC is chosen equal to fonsc=25 MPa, while the
strength of the HSC is set equal to f.usc=125 MPa. The maximum aggregate size is assumed
equal to dg=16 mm for both NSC and HSC. The yielding of reinforcement is f,=450 MPa and the
longitudinal reinforcement ratio is taken equal to p=1.25%.

In Figure 13 and Figure 14 the results of the parametric analysis of the series “E” and “R” are
shown respectively. The two series provide the same failure criterions but different load-
rotation curves. In the series “E” the stiffer behavior of the hybrid slabs when compared to the
reference slab made in NSC is quite evident. On the contrary the load-rotation curves provided
by the series “R” appear very close to that of the reference slab.
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Figure 13 — Load-rotation curves and failure criterions: Parametric analysis Series “E”.
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Figure 14 — Load-rotation curves and failure criterions: Parametric analysis Series “R”.



For the slabs E.1(R.1) and E.2(R.2) the load-rotation curves (V-@) are coincident, the cracking
load results equal to that provided by the reference slab, while the flexural behaviour results
stiffer than the latter. The increase in stiffness is more evident in the series “E” than in the
series “R”. Slabs E.3(R.3) shows a higher cracking load, but at load increasing the load-rotation
curve tends to overlap the curve provided by the first two hybrid slabs. Finally, the slabs
E.4(R.4) provides the highest load-rotation curve when compared to the others. In general,
from the comparison of load-rotation curves seems that in the series “E” the use of more HSC
leads to stiffer behaviour, while in the series “R” the effect of using more HSC on the load-
rotation curve is more subtle. The obtained results from slab E.4 completely made of HSC
(Figure 13), that presented the stiffer behaviour, are in agreement with the experimental
results shown in Figure 9, where also slab SHSC2 entirely casted with HSC, was more stiff than
the other slabs partially made using HSC.

The theorical failure loads are higher on the hybrid slabs, when compared with the reference
slab made completely out of NSC, also in agreement with the experimental results presented.
However, the beneficial effects provided by the HSC are slightly more pronounced in the series
“E” than in the series “R”. Actually, since in all cases the depth of the HSC layer is higher than
the compressive depth, the slabs of both series have the same failure criterion. For this reason,
the influence of increasing the thickness of the HSC resulted in very limited gains of load
capacity. In the series “R” there are no difference between the failure loads provided by the
hybrid slabs when changing the thickness of the HSC zone, while in the series “E” the slab E.4
gives slightly higher punching strength when compared to the other. The latter confirms the
experimental evidences discussed above. This observation seems to suggest that the optimal
thickness for the HSC zone should be higher than the compressive depth, but not more.

The results of the analysis are listed in Table 7.

Table 7 — Parametric analysis of hybrid slabs according to the analytical approach.

Punching

soecimen HSC layer q 0 fc (MPa) dyeq f, strength
Width Depth Volume** (mm) (%) Nsc | Hse (mm) (MPa) Vin AV*
(mm) (mm) (%) (kN) (%)

REF - - - 159 1.25 25 - 16 450 627 -
E.1 Full 50 25% 159 1.25 25 125 3.69 450 832 +33%
E.2 Full 100 50% 159 1.25 25 125 3.69 450 832 +33%
E.3 Full 150 75% 159 1.25 25 125 3.69 450 832 +33%
E.4 Full 200 100% 159 1.25 - 125 3.69 450 865 +38%
R.1 1200 50 0.73% 159 1.25 25 125 3.69 450 805 +28%
R.2 1200 100 1.47% 159 1.25 25 125 3.69 450 805 +28%
R.3 1200 150 2.20% 159 1.25 25 125 3.69 450 805 +28%
R.4 1200 200 2.94% 159 1.25 25 125 3.69 450 805 +28%

*Increase in punching strength calculated with respect to the reference slab

**HSC volume to total slab volume ratio

Comparing the results obtained by the two series arises that the width of the HSC layer has a
small influence in the punching strength. Indeed, the failure loads provided by the two series
are very close. Actually the width of the HSC layer comes into play when the failure surface
develops outside the strengthened zone affecting only the NSC [22]. This scenario could be
easily accounted calculating both the failure criterions inside (Vg) and outside (Vgrout) the
strengthened zone (see Figure 14). In this case the failure criterion outside the strengthened
zone resulted always higher than the others, therefore this failure was avoided.




Besides the series “R” gets a very small amount of HSC (about 3% of the series “E”) the
increase in punching strength, calculated with respect to the reference slab, resulted very
close to that provided by the series “E”.
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Figure 15 — Parametric analysis: (a) Relationship between the increase of punching strength and the HSC use (b)
Efficiency factor defined as the ratio between the increase in punching strength and the use of HSC.

In Figure 15 (a) the relationship between the increase of punching strength, with respect to the
reference slab, and the HSC volume to the total slab volume ratio is shown for both series. It is
evident that a rational use of the HSC provides excellent results in terms of increase in
punching strength and allows for saving material. This result is highlighted in Figure 15 (b),
where the efficiency factor, defined as the ratio between the increase of punching strength (%)
and the volume of HSC (%), is provided. R.1 is the most efficient configuration providing an
efficiency factor equal to EF=39. Indeed, according to this configuration, that uses only 0.73%
volume of HSC, it is possible to increase the punching strength up to 28%. In Figure 16 the
influence of the longitudinal reinforcement ratio (p) is also investigated. The longitudinal
reinforcement ratio is varied from 0.75% to 1.75% (p=0.75%, p=1.00%, p=1.25%, p=1.50%,
p=1.75%) while the other characteristics are kept unchanged from the previous analysis (L=7
m, H=200 mm, d=159 mm, fcnsc=25 MPa, fcusc=125 MPa, f,=450 Mpa, d;=16mm).
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Figure 16 — Parametric analysis: (a) Relationship between the increase of punching strength and the HSC use, at
varying of the longitudinal reinforcement ratio (b) Efficiency factor for the series “R” at varying of the longitudinal
reinforcement ratio.

In Figure 16 (a) the relationship between the increase of punching strength, with respect to the
reference slab, and the HSC volume to the total slab volume ratio is shown for both series “E”
and “R” at varying of the longitudinal reinforcement ratio. The beneficial effect provided using
HSC is highly affected by longitudinal reinforcement ratio: at longitudinal reinforcement ratio
increasing the beneficial effect provided by the HSC increases too. In Figure 16 (b), the
efficiency factor for the series “R” at varying the longitudinal reinforcement ratio is provided.
According to this analysis the most efficient configuration is R.1 that provides an efficiency
factor equal to EF=54 for p=1.75%, EF=46 for p=1.50% , EF=39 for p=1.25%, EF=32 for p=1.00%
and EF=24 for p=0.75%.

Finally, the influence of the span to depth ratio (L/H) is also investigated (Figure 17). The
longitudinal reinforcement ratio is assumed equal to p=1.25%, the span to depth ratio (L/H) is
varied from 25 to 45 (L/H=25, L/H=30, L/H=35, L/H=40, L/H=45) while the other characteristics
are kept unchanged from the first analysis (H=200 mm, d=159 mm, f.nsc=25 MPa, fcusc=125
MPa, f,=450 Mpa, dg=16mm).
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Figure 17 — Parametric analysis: (a) Relationship between the increase of punching strength and the HSC use, at
varying of the span to depth ratio (b) Efficiency factor for the series “R” at varying of the span to depth ratio.

The span to depth ratio (L/H) has a low influence on the effectiveness provided by the partial
use of HSC. At the span to depth ratio increasing the beneficial effect provided by the HSC
decreases. However, the efficiency factors achieved with different span to depth ratios are
very close to each other. The series R.1 provides an efficiency factor equal to EF=48 for H/L=25,
EF=42 for H/L=30, EF=39 for H/L=35, EF=37 for H/L=40 and EF=36 for H/L=55.

In general, the beneficial effect provided by the HSC increases for flexural stiffness increasing.
The latter increases for longitudinal reinforcement ratio increasing or for span to depth ratio
decreasing. However, the influence of the longitudinal reinforcement ratio is much more
pronounced than that provided by the span to depth ratio.

Therefore, for a rational use of the HSC in RC slabs, the configuration with HSC placed only
near the column in compression zone is suggested. The width of the HSC layer should be



determined in order to avoid the failure outside the strengthened zone. However, a minimum
distance of the HSC layer’s perimeter from the column should be considered. To avoid this
possibility a minimum distance of 2:h from the column, as adopted in the series “R”, is
suggested. The thickness of the HSC layer should be determined according to the compressive
depth, however a minimum thickness is required for constructive reasons. From a constructive
point of view 50 mm could be considered the minimum thickness for pouring.

6. CONCLUSIONS

This paper deals with punching of reinforced HSC flat slabs, with emphasis on the rational use
of this enhanced material. Four slab specimens with HSC and one made of NSC were tested
under monotonic vertical loading. The HSC was placed only in slab column region and it was
limited to a thin layer in the slab’s compressive zone. This rational use of the HSC showed
excellent results in terms of increasing the punching strength. Limiting the HSC to a thin layer
in the compressive zone, the punching strength resulted almost equal to that obtained with
the slab entirely casted in HSC.

The application of the CSCT to slabs with partial use of HSC was presented and discussed. This
application accounts for the modifications, provided by the presence of the HSC, in both the
load-rotation curve and in the failure criterion. The possibility, for high-strength concrete
members, to develop cracks passing through the aggregate rather than passing around them is
also accounted: the maximum aggregate size is corrected accounting for the reduced
roughness of the failure surface.

The extended analytical approach showed good results in terms of failure load prediction. The
average ratio between the experimental punching value and the theoretical prediction of the
hybrid slabs resulted equal to 1.07 while the coefficient of variation resulted in 4.59%. These
results seem to confirm that the proposed approach is correct. However, for a full validation of
the method further tests with different thicknesses of the HSC layer are recommended. In
particular, the contribution in terms of shear strength of the concrete outside the compression
zone should be investigated deeper.

Finally, to extend the results of the experimental campaign a parametric analysis was
performed. This analysis investigated the influence of both width and thickness of the HSC
layer in hybrid slabs. Two configurations were examined, one with the HSC layer extended to
the whole slab’s surface and the other with the HSC limited near the column. The second
configuration was much more efficient than the use of HSC on the whole slab, using fewer
amounts of HSC and achieving almost the same behaviour and punching strength capacity.
This way the economic impact of using HSC was minimized, enhancing its competitiveness.
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