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Abstract: An experimental laboratory test of the two series of slab-column elements topped with drop panels of varying
sizes is described in this paper. The scope of the paper is to investigate the influence of the drop panel size and stiffness
on the behaviour of the connection between the flat slab and the column topped by the concrete head. The impact of
the head size and stiffness is analysed analytically and experimentally. The experimental test results show that at a ratio
hsn/lsn < 0.55 the heads are too flexible to cause punching shear outside the head, confirm significant concentrations
of shear forces at the corners of the large support, and show a significant contribution of the linear parts of the control
perimeter to the ultimate force transmitted by the slab-column joint. The authors compare the experimental test results
with the considered standard calculation methods and indicate the correlations. The paper provides new experimental
results and proposals for the application of a reduction factor for permissible shear stresses in the EC2 standard that
depends on the dimension of the support. Simultaneously, the experimental results and the comparison with the
standard calculations indicate a further need for research on the connection of a slab to a column topped by a drop
panel.
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1. Introduction.

Slab-column structures nowadays represent a large part of the building construction industry. Flat slabs provide
the possibility of easily changing the arrangement and use of usable space in the building. In the case of tall buildings,
they can also reduce the height of the storey, which leads to more efficient use of free space. All these features make
flat slab structures a permanent subject of a lot of experimental research [1-8]. One of the key issues in the design of
slab-column structures is the phenomenon of slab shear punching caused by stress concentrations in the slab near the
point support [9,10]. Many parameters that influence punching shear resistance are investigated and described, e.g.
support shape and dimension [11-13], type and strength of concrete [14—18], the effect of the hole near support [19,20],
membrane effect [21,22], cyclic load [23,24]. The investigations of a structure after its failure as a result of punching
[25-28] or strengthening against punching shear [17,29] are also performed. One way to increase the punching shear
resistance of the slab-column joint is to provide additional shear reinforcement in the form of stirrups and transverse
reinforcement [30-34], double-headed studs [35], rigid steel profiles [36,37], UHPFRC hidden capitals [38,39] in the
vicinity of the connection. Another way to increase the load bearing capacity of a slab-column joint is to extend the

column in the vicinity of the slab (column capital) or to thicken the slab in the area of the point support at the support


https://doi.org/10.1016/j.conbuildmat.2022.129961
https://creativecommons.org/licenses/by-nc-nd/4.0/

Downloaded from mostwiedzy.pl

A\ MOST

(drop panel) [40,41]. This type of enhancement is widely used today because it increases the punching shear resistance
of the slab-column joint while increasing the rigidity of the floor, which has a positive effect on its deformation behaviour.

According to design standards, the design process for the connection of a slab-column with a drop panel
requires verification of the punching shear resistance in the head zone and the slab zone outside the head (Fig. 1a).
When considering a punching shear situation outside the head zone, the most common cause is that of large flexible

support of square or rectangular shapes (Fig.1b).
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Fig. 1. Column topped with a drop panel: a) potential failure regions; b) drop panel as flexible slab support.

Researchers have revealed, that for large or elongated supports the distribution of shear forces near the support
is uneven despite symmetrical loading [42—-45] (see Fig. 2). This effect negatively affects the punching shear resistance

of the joint [11~13,46-49].
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Fig. 2. Distribution of shear forces in the vicinity of internal support as a function of its size and shape.

In most codes, the punching shear strength of the slab-column joint is verified by comparing a nominal shear
stress per unit length of the control perimeter to the allowable shear stress of the element, as:

eV o (1)

bo*d -

Therefore, the influence of the load area size on the punching resistance depends on a way to calculate the

permitted shear stress (vg) and the location of the control perimeter (b,). The different parameters taken into account
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to calculate the permissible stresses and the different locations of the control perimeter cause the influence of column
size on punching capacity to vary depending on the standard used. In the EC2 standard [50] a non-uniform distribution
of the shear forces is accounted for by increasing the acting shear stresses by a factor § > 1.0 which is a function of the
moment transfer between the slab and the column. The EC2 standard doesn't give additional recommendations as to
elongated or large load areas. Some European countries have added restrictions on the punching for large supports in
national annexes. The EC2-DIN standard [51] imposes a limitation on the length of the control perimeter according to
Fig. 3b. Considers this effect by reducing the allowable shear stresses depending on the size and shape of the support.

The ACI318 code [52] considers this effect by reducing the allowable shear stresses depending on the size and shape
of the support. The first reduction factor is k, 4¢; = (2 + g) where 8 = 2—1 > 1, (¢q, ¢, — support dimensions; designation
2

ke ac; is introduced for the purpose of this work). It is decisive for supports with an elongated shape. The second factor
agxd
bo

|S ke,ACl = (2 +

), where as- a factor depending on column location. The second factor is decisive for a large support

size. The MC2010 standard [53] introduces a simplified method which consists of the control perimeter according to

Figure 3c or a general method that explicitly accounts for all effects by length of the control perimeter b efr = UL (where

by tf 1s the length of the effective control perimeter, V is the punching force acting on the joint, v,,,, is the maximum
value of the shear force per unit length along the perimeter, see Fig. 3d). This formula was proposed by Vaz Rodrigues
et al. [54] and it assumed no redistribution of internal forces, which occurs in reality due to the nonlinear behaviour of

reinforced concrete (RC) structures [44]. This can be an approximate assumption, especially in the case of large or

elongated columns. Setiawan et. al. [55] proposed to replace the value of v, bY V3g 4,00 ser = VL where vsg 4,
3d

means the average value of the shear force per unit length occurring in the part of the control perimeter reduced to the

corners and straight sections of length 3d, see Fig. 3c.
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Fig. 3. Control perimeter for punching shear according to different design methods: (a) basic control perimeter of ACI, EC2 and
MC2010 standard; (b) Reduction of control perimeter according to EC2-DIN; (c) Reduction of control perimeter according to
MC2010-simplified method; (d) Reduction of control perimeter according to MC2010-general method.

The calculation methods used in the standards take into account the effect of non-uniformity of shear forces
near the face of the support in different ways. It should be noted that all the standard guidelines have been developed
on the basis of tests on flat slabs without drop panels. Computational analyses of the distribution of shear forces in the
vicinity of the drop panel show a significant effect of head stiffness and size on the force concentrations at the head
corners [45]. It seems advisable to carry out an experimental study of the punching resistance in a situation of drop
panel enhancement.

This research presents a unique experimental analysis of punching shear in flat slabs supported on the concrete
drop panel. The influence of the drop panel size and stiffness on the behaviour of the connection between the flat slab
and the column topped by the drop panel is investigated. The behaviour of the slabs during the test and damage is
described. Ultimate loads were compared with the selected calculation methods. The laboratory test results were
analysed in terms of allowable shear stresses. Based on the performed experimental tests and analytical analyses, a
reduction factor for permissible shear stresses in the EC2 standard that depends on the dimension of the support is
proposed. The experimental results and the comparison with the standard calculations indicate a further need for

research on the connection of a slab to a column topped by a drop panel.

2. Experimental test description

2.1. General description
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The experimental program included two test series of reinforced concrete elements. Six elements were
examined during the 1%t test series. The first element of the 15 test series was a slab-column element without the drop
panel. The other five slab-column elements were with a column topped by drop panels. The only variable for the 1%t
series of elements was the dimension of the drop panel. The 2" series of tests contained three elements with drop
panels. The dimensions of the concrete head in the elements of the 2™ series corresponded to the dimensions of the
drop panels in the three elements of the 1% series, except that they had a lower height of the concrete head. Therefore,
the first series of tests conventionally represents rigid drop panels, while the second series of tests represents flexible
heads. The elements were tested on a prepared laboratory test stand. On the steel support frame, the slab-column
elements were placed as simply supported.The load was imposed vertically by the hydraulic jack, see Figures 4a and
4b.

All slabs were 2000x2000mm in size and 110mm in height. The columns and drop panels of all elements were
square. The column dimension for each tested element was 200x200mm. The dimensions of the drop panels in the
elements of the 1 series were: 300, 400, 600, 800, and 900 [mm)]. The dimensions of the drop panels of the 2" series
elements were: 600, 800, and 900 [mm]. The increased height of the head in the elements of the 1% series was 240mm
while in the 2™ series was 110mm, see Fig. 4c. The following denotations were introduced: S - slab-column element
without the concrete head, G - slab-column elements of the 1%t series with drop panels, H - slab-column elements of the
2" series with drop panels. The second part of the denotations is a number determining the number of the head
dimension, while the third part is a number indicating the head dimension.

All slab-column elements were designed with C30/37 concrete class with a maximum aggregate size of 16mm,
water-to-cement ratio of 0.55, and a content of 280 kg/m? portland cement CEM Il 42.5R and 60kg/m? of fly ash. The
concrete strength was determined on the day of testing of each element from the strength test of three cube specimens
(150x150x150mm). The strength value obtained from tests on cube specimens was adjusted to cylindrical specimens
using the formula recommended in the report published by FIB [56]: f.cyi = 0,79 * f; cupe-

The concrete slabs were reinforced with an orthogonal mesh of 10mm diameter ribbed bars at 90mm spacing
(8.73 cm?/m), see Fig. 4c. The column was reinforced with eight 10mm diameter bars. The compression zone of the
slab was not reinforced. The head compression zone of the 1 series elements was reinforced orthogonally with 8mm
diameter bars at 120mm spacing in each direction. The compression zone of the head of the 2" series elements was
reinforced orthogonally with three 8mm diameter bars in each direction, see Fig. 4c. Reinforcing steel with a
characteristic yield strength of fx=500MPa was used. The geometrical and mechanical properties of examined slab-
column elements are given in Table 1. The reinforcement layout/ratio was chosen to avoid slab failure due to bending
under punching tests.

Table 1. Geometrical and mechanical properties of examined elements.

Series no. hs hsh Csh,x = Cshyy ‘ d ‘ P ‘ fc, cube | fc, cyl |

5
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Test MPa MPa
oSt | pom | m |pm | o | e | 9] TP
S1-200 110 240 200 80 1.09 43.2 34.2
G1-300 110 240 300 80 1.09 43.7 34.5
1 G2-400 110 240 400 80 1.09 46.2 34.5
G3-600 110 240 600 80 1.09 45.2 36.5
G4-800 110 240 800 80 1.09 48.3 38.1
G5-900 110 240 900 80 1.09 40.9 32.3
H3-600 110 110 600 80 1.09 39.3 31.0
2 H4-800 110 110 800 80 1.09 39.3 31.0
H5-900 110 110 900 80 1.09 30.4 24.0
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Fig. 4. Tested slab-column elements: (a) (b) Laboratory test stand, (c) dimensions and reinforcement
In the laboratory tests, the strength-testing computer-operated machine of Zwick type was applied. The hydraulic
jack was computer-operated by the TextExpert program. The values of displacement and force on the hydraulic jack
were recorded. All concrete slabs were subjected to vertical load with a force-controlled constant loading speed equal
to 10 kN/s up to failure. The load was applied incrementally. All measurements were taken before the first load increment
and after each subsequent load increment. The gap time between each increment was related to the measurement time

and was taken as equal to 10 minutes. The hydraulic jack control parameters are shown in Table 2.

Table 2. Load control parameters.

Model Speed of force development Load increment
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Gap between
increments
[KN/min] [KN] [min]
S1-200 10 20 10
G1-300 10 25 10
G2-400 10 35 10
G3-600 10 40 10
G4-800 10 50 10
G5-900 10 60 10
H3-600 10 40 10
H4-800 10 50 10
H5-900 10 60 10

2.3. Characteristics of measurement devices

The vertical displacement during the test was measured using dial indicators with an accuracy of 0.01mm. The
laser distance measurer with an accuracy of 0.1mm was used as an additional measurement between the dial indicator
values. Additionally, a terrestrial laser scanner (TLS) was used as a control measurement to measure the slab
deformation, see Fig. 5. Based on spherical markers and scans of the whole element, the deformation of the plate at
the moment of measurement was obtained, see Figs. 5 and 6. The classical point-to-point approach was used to
calculate the deformation (see e.g. [57,58]). In this method, the individual areas are compared to a defined reference
area, which expresses the state of the object before deformation (reference scan). By comparing the individual images
(see Fig. 5), the slab displacement for each load increment was determined with an accuracy of 1mm. Measurements
by terrestrial laser scanner of the 1%t series of tests showed a correspondence of +/-2mm with the manual

measurements.

Reference scan (load - OkN)

Scan under 350kN load

Fig. 5. TLS scans at 0 kN and 350 kN load for the G4-800 specimen.

Strains of the reinforcement were recorded using extensometers. Four extensometers were installed in each
slab-column element (two extensometers per reinforcement direction). The extensometers were located in the cross-
section of the outer head edge. One on the rebar passes centrally through the column. The other is located on the rebar
passing near the edge of the head. The location of measuring points for the G3-600 and H3-600 test elements is shown

in Figure 6.
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Fig. 6. Measuring points for G3-600 and H3-600 test elements.

All measurements of slab deformation were made after each increment of load. The measurements at the time
of failure (due to the nature of the measuring method) were obtained by extrapolation from the obtained results. The
value of the displacement at the moment of failure of the slab was calculated by extrapolating the last three (or four -
depending on the development of the displacement-loading force relationship) measurements taken at a given point.

The points were extrapolated by a second-degree polynomial, see Fig. 7.
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Fig. 7. Displacement extrapolation - element G3-600, measuring point wx1.

3. Laboratory test results

3.1. Failure forces and form of failure.
Observation of the tested elements of the 15 series revealed the rapid nature of the failure for all slab elements.

It was observed lost their punching shear resistance in the zone outside the drop panel. Two failure modes of slabs
8

A\ MOST


http://mostwiedzy.pl

/\__/___\> MOST WIEDZY Downloaded from mostwiedzy.pl

e

were distinguished. In elements S1-200, G1-300, G2-400 and G3-600 the head (or column for element S1-200)
penetrated the slab through the entire cross-section along the whole perimeter forming a characteristic cone. For
elements G4-800 and G5-900, penetration through the entire cross-section of the slabs occurred only at the corners of
the drop panel. The head also penetrated through the rest of its control perimeter. A clear vertical displacement of the
entire head was observed. However, the tensile part of the plane of the slab remained continuous, see Fig. 8. The
observed cracking process confirmed the observations known from previous studies. The first crack usually appeared
parallel to the edge of the load field (head). Then, or simultaneously with the edge crack, radial cracks appeared
extending from the corners of the heads to the support. The performed observations confirm the fact of generating
concentrated internal forces near the corners of large-size rigid support (in this case a rigid drop panel). The failure
mechanism of elements G4-800 and G5-900 suggests that these concentrations were the cause of failure. However,
observation indicates a significant redistribution of shear forces as the entire compression zone of the control perimeter
was 'sheared'. It can therefore be concluded that once the limiting shear force was obtained at the corners of the heads,

the straight sections of the control perimeter were involved in the load transfer.

Fig. 8. Punching shear cracks: visible on the entire cross-section around the whole head (left), visible at the corners with straight
segments of the control perimeter (right).

The elements of the 2" test series were behave differently under loading. Element H3-600 failed by bending.
Under large deformations of the reinforcing steel, the concrete of the compression zone of the slab and the head was
crushed. Regions separated by yield lines were formed, see Fig. 9. In elements H4-800 and H5-900 a punching occurred
inside the head, see Figs. 10 and 11. Significant deformation and cracking of the thickened part of the slab were
observed during the test. The concrete of the head near the column was crushed at the moment of failure, see Figs. 10
and 11. The morphology of the cracking was different in comparison to the elements of the 1% series. The cracks mainly
appeared parallel to the column near its edges and as radial cracks extending uniformly from the column loading surface
to the support. The column heads were significantly deformed and revealed extensive cracking, see Fig. 12.

9
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The 2™ series of tests clearly showed that the stiffness of the head is crucial to the failure mechanism and the
load-bearing capacity of the test obtained. The flexible drop panels were not able to break through the slab. The
application of the flexible head determined the failure mechanism by penetration inside the head or by bending, which
resulted in a higher load capacity for H3-600 and H4-800 compared to the 1% series of tests (elements G3-600 and G4-
800). Element H5-900 had a lower resistance than G5-900. However, it should be noted that the H5-900 element was
made with a significantly lower concrete compressive than the other elements, see Table 1. With the reduction in
capacity due to the strength of the concrete, elements G5-900 and H4-800 achieve very similar capacities to those
obtained in the test of element H5-900, see Table 4.

Table 3. Failure forces specified under laboratory tests.

Specimen VR

[kN]
S1-200 160
G1-300 238
G2-400 245
G3-600 310
G4-800 381
G5-900 420
H3-600 400
H4-800 391
H5-900 360

Table 4. Recalculation of the load capacity with adjustment to the compressive strength obtained for element H5-900.

Model Vexp fe, cyl ared:(fc, cyl, i)O'S/ (fc cyl, HS)O'5 Vexp * ared
[kN] [MPa] [ [kN]
G5-900 420 32.3 0.86 362
H4-800 391 31.0 0.88 344
H5-900 360 24.0 1.00 360

Fig. 9. Failure form of H3-600 element.

10


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

-
2 -
e

Fig. 10. Failure form of H4-800 element.

Fig. 12. H5-900 element with visible cracking on the head - load level ~ 95 - 100%.

3.2. Deformations of flexural reinforcement.

The measured strain of the reinforcing bars as a function of the load level is shown in Fig. 13. The yield point
was reached at a relatively equal level of load ranging from 60 to 80% of the failure force for all elements. For elements
G4-800, G5-900, H3-600 and H4-800, a greater variation in strain measurements in the range of up to 50% of the failure
load can be observed. This may be due to the non-uniform distribution of internal forces in the initial phase of the loading.
This non-uniformity of deformation of rebars in elements G4-800 and H3-600 retains practically to failure load, while in

elements G5-900 and H4-800 these deformations become almost equal at approximately 75% of maximal load. Based

11
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on the performed strain measurements it can be concluded that there was no clear difference between the reinforcement

strains in the corner bars compared to the strains of the central bars.

— —— rebars in the corner of the head
bars in the middle of the head
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Fig. 13. The strain of reinforcing bars - strain gauge measurement.
3.2. Vertical displacement and rotation-load relationship.

Due to the high stiffness of the head, the measured displacement within the column and head of elements S1-
200, G1-300, G2-400, and G3-600 were nearly the same. For the 2" series test elements, the curvature within the head

is greater due to the lower height of the head thickening. The deformation scheme of the tested elements and the

12
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proposed method for calculating the head rotation angle (yg,) and the plate rotation angle (y) is presented in Fig. 14.
For the elements of the 1% series, only the rotation angles of the plate ) were calculated (the rotation angle of the head
¢, was nearly equal to zero). For the elements of the 2" series, a relation was derived for both the distinguished
rotation angles. These relations were calculated from the vertical displacement measurements. The rotation angle in
the line parallel to the edge of the plate (154, - calculated from the measurements from w21 to wz4) and in the diagonal
of the plates (1545 - calculated from the measurements from w21 to wz7) were distinguished. The force-rotation angle

relationships of the slab-column elements are shown in Fig. 15. The dashed line indicates V(s 45) and the solid line

V(lpsBO)-

‘ series 1: elements S1, G1, G2, G3 & W, =arctan w,; "

1

R - arct Wy
j lps,an =arctan ( 5, )
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|
[
| ) | ,::::k w,#0
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Fig. 14. Scheme of slab-column element deformation (a), Method for calculating the angle of rotation (b).
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Fig. 15. Load-angle diagrams.

The angle of rotation on the diagonal of the element (y,5) was slightly smaller than the angle of rotation
measured in the direction consistent with the distribution of reinforcement. The ultimate angle of rotation at failure
increases with the drop panel dimension for specimens from S1-200 (c/d=2.5) to G3-600 (c/d = 7.5). Then the situation
is reversed and for elements G4-800 (c/d=10) and G5-900 (c/d = 11.5), the ultimate angle of rotation is smaller. It can
be concluded, that as the dimension of the support increased, more bars were within the geometry of the support and
thus more reinforcement was directly used to transfer force from the loading jack to the supports. For example, it may
be pointed out that four bars #10 in each direction (As=4*0.785= 3.1cm?) pass through the head track of the G2-400
element, whereas ten bars #10 pass through the head track of the G5-900 element (As=10*0.785= 7.85cm?). The smaller
ultimate angle of rotation for the larger supports indicates a more rapid failure of models G4 and G5 compared to the
other elements. The elements of the 2™ test series, due to lower head stiffness, showed different relationships compared
to the corresponding elements of the 15 series (G3-600, G4-800, G5-900). The rotation angle of the head in elements
H3-600 and H4-800 in the initial loading phase is much smaller than the rotation angle of the plate. This is due to the
higher stiffness of the thicker head compared to the floor slab. After reaching approx. 70 - 75% of the failure force, the
head shows significant cracking and its deformation increases, which ultimately leads to the failure of the elements at a
comparable range of rotation angles of the slab and the head. The element that failed in bending (H3-600) at failure

showed a ~19% smaller angle of rotation compared to the corresponding element of the first series (G3-600) - ~30mrad

14
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/ ~37mrad = 0.81. Elements H4-800 and H5-900 (failure by puncture) showed significantly larger rotation angles at
failure compared to elements G4-800 and G5-900 (H4/G4: ~52mrad / ~29mrad =1.79; H5/G5: ~80mrad / ~25mrad

=3.20).

4. Discussion

4.1. Comparison of the experimental results with the theoretical calculations of the selected methods.

The punching resistance of the tested elements are compared to theoretical estimates following selected
provisions: ACI318 [52], EC2 [59], EC2-DIN [51], MC2010 (LoA IIl) [53], CSCT [60]. Calculations for the CSCT method
are presented for two variants of the control perimeter: a full control perimeter located at a distance of 0.5d from the
head face (designation CSCT) and a reduced control perimeter to circular corners involving straight sections of length
3d (see figure 3c, designation CSCT-3d). Calculations by the CSCT theory were carried out based on the work of
Guandalini [61]. The calculation script adapted the given method to the situation of a floor slab with a drop panel were
created. The length of the control perimeter affects the failure criterion hence the difference in the theoretical load

capacity obtained, see Fig. 16.

400 4 (G3-600 failure criterion - b,
350 1 failure criterion - g a4
300 . .
g 250 theoretical calculations
> 200 LB test . .
150 ® theoretical resistance - CSCT
100 # theoretical resistance - CSCT-3d
* test resistance
50 =
0¥ . : :
0 10 20 30 40
w [mrad]

Fig. 16. Load capacity estimation using the CSCT method.

The calculations of the punching shear resistance according to the MC2010 standard were performed in four variants:
for the full length of the control perimeter (designation MC2010), for the reduced control perimeter (MC2010-3d), for the
control perimeter calculated according to the proposal of Vaz Rodrigues [54] (MC2010-Rod) and according to the
proposal of Setiawan [55] (MC2010-Set), see Tables 5 and 6 and Fig. 17. Additionally, based on the yield line theory,
the value of force at which failure of the plate occurs by bending was specified (designation Viex). For investigated
square elements supported close to the edges with the possibility of lift corners of the slab, loaded centrally, the Viex
was calculated as [62]

Vflex:&Zn—;'m;'(o;s'c'(\/?—l)z+(\/§—1)'B), ()

where mg 4, is the ultimate bending moment; bq, ¢ and B are the dimensions of the slab and support (B = 2 bg+c).
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Calculations of the 2" elements series were performed for the variant of punching inside the head and the variant of

punching outside the drop panel.
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Fig. 17. Comparison of test results with calculations of selected methods.
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Table 5. Comparison of actual failure forces with results of theoretical load capacity — 15t elements series.

+in” — punching inside the head

Lout” — punching outside the head

17

VMCZOl
< Vwmczor | Vmczor Vwmczo1 Vg / Vg / Ve / Vi ! Vg / Vg !/
Veco. Ro Veser. | Ve/! | Vi!/ Vg !/ Vg !/

GE) cl/d Vr Viiex Vec2 Ecz Vaci ol | oaa (1| %R | s (N1 | Vescr cser R R VEce. R Vmeczo1 | Vmezo1 | Vmezo1 | Viveczo1 R Vescr-

‘5 DIN [ 3d Viiex Vec2 Vaci Veser

S LoA) | LoA) LoA) DIN 0 0-3d 0-Rod 0-Set 3d

3 LoA)

@ [ [kN] | [kN] | [kN] | [kN] | [kN] | [kN] | [kN] | [kN] | [kN] | [kN] | [kN] [ [l [ [ [] [] [ [ [] [
%6 25 160 | 254 | 174 | 174 | 174 | 164 | 164 | 127 | 164 | 163 | 163 | 063 | 092 | 092 | 092 | 097 | 097 | 1.26 | 0.97 | 0.98 | 0.98
(33016 375 | 238 | 274 | 217 | 193 | 244 | 181 | 151 | 119 | 165 | 206 | 186 | 0.87 | 1.10 | 1.23 | 098 | 1.31 | 157 | 2,01 | 145 | 1.16 | 1.28
foz(; 5 245 294 252 190 275 234 153 132 188 236 189 0.83 0.97 1.29 0.89 1.05 1.60 1.86 1.30 1.04 1.30
ggg 7,5 310 347 333 192 343 315 144 151 213 303 213 0.89 0.93 1.61 0.90 0.98 2.15 2.06 1.46 1.02 1.46
g&; 10 381 | 420 | 420 | 196 | 420 | 408 | 143 | 156 | 244 | 390 | 256 | 091 | 091 | 1.94 | 091 | 093 | 266 | 2.44 | 156 | 098 | 1.49
SOS(; 11,3 420 462 435 186 416 413 130 202 273 438 265 0.91 0.97 2.26 1.01 1.02 3.23 2.08 1.54 0.96 1.58

Average | 0.84 0.97 1.54 0.93 1.04 2.03 1.95 1.38 1.02 1.42

Table 6. Comparison of actual failure forces with results of theoretical load capacity — 2" elements series.
Vwmc2o10 | Vmczo10- | Vmczo10- | Vmczoio- Vr/ ) Vi / Vi / Vg !/
Veco. Veser. | Ve/ | Ve/ Ve! | Vel Vg !

. Cc / d VR Vflex VECZ Ec2 VACI (”I 3d (”I Rod (”I Set (”I VCSCT ceser VR VR VECZ- VR V R VMCZOIO- VMCZOIO- VMCZOIO- V R VCSCT-
Speclmen DIN LOA) LOA) LOA) LOA) 3d flex EC2 bIN ACI MC2010 3 Rod Set CSCT 2
[-] | [kN] [ [kN] | [kN] | [kN] | [KN] | [kN] [kN] [kN] [kN] [kN] | [kN] | [] | [ [-] [-] [-] [-] [-] [-] []
H3-600in | 1,05 | 400 | 344 | - - - - - - - - - - - - - - - - -
H4-800in | 1,05 | 391 | 415 | 529 | 529 | 548 443 443 400 432 338 - 0.94 | 0.74 | 0.74 | 0.71 0.88 0.88 0.98 0.91 1.16 -
H5-900in | 1,05 | 360 | 448 | 485 | 485 | 482 405 405 367 394 392 - 0.80 | 0.74 | 0.74 | 0.75 0.89 0.89 0.98 0.91 0.92 -

HtStOO 10 391 | 415 | 393 | 184 | 379 348 122 196 279 370 225 0.94 | 1.00 | 2.13 | 1.03 1.12 3.20 1.99 1.40 1.06 1.74
H%Sfo 11,3 | 360 | 448 | 395 | 160 | 359 | 393 | 124 | 247 | 339 | 421 | 226 |080|091| 214 |100| 092 | 291 | 146 | 106 | 0.86 | 159

Average (in) | 0.87 | 0.74 | 0.74 | 0.73| 0.89 | 0.89 0.98 091 | 1.04 -
Average (out) | 0.87 | 0.95 | 2.13 | 1.02 1.02 3.06 1.72 1.23 0.96 1.67
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4.2. Discussion of the 1%t test series

The bending failure force calculations (Vrex) confirm that all 15t elements series failed due to punching.
Calculation methods that do not take the reduction of the control perimeter into account (ACI318, EC2, MC2010 and
CSCT) showed a very good representation of the punching load capacity. The largest overestimation of the punching
load capacity is shown by ACI318. The average ratio of the experimental failure force to the calculated predicted failure
force is 0.93, see Table 5. The ACI318 code method does not include the reinforcement ratio parameter in its
procedures, and with a lower reinforcement ratio, the underestimation could be higher. The best representation of the
experimental results is provided by the CSCT (average ratio Vrtest/ Vrprov €quals 1.02). The MC2010 method is based
on the CSCT method hence its results are very similar. The EC2 standard shows a marginally higher overestimation of
bearing capacity compared to CSCT and MC2010. For EC2, the average Vrtest/ VR prov ratio is 0.97. In this calculation
method for all elements with c/d > 4, there is an underestimation of the load capacity.

Taking into account, according to the EC2, the allowable transverse stresses do not depend on the support size,
it can be concluded that with increasing support size the increment of the connection resistance is smaller than the
increment of the control perimeter length. All procedures containing a length reduction of the control perimeter show
conservative results for the resistance calculation. In the control perimeter in the EC2-DIN and MC2010-3d, the
resistance of straight sections of the slab in which one-way shear occurs is neglected. The consequence of this is that
the ratio Vrtest/ VR provincreases as the parameter c/d increases (for the larger support the larger section of the control
perimeter is ignored in the calculation). In both methods, this increment is practically linear. In the case of the MC2010-
3d method, the underestimation value is significantly higher than for the EC2-DIN method. Because the control perimeter
according to MC2010 procedures is located at a distance of 0.5d from the edge compared to a distance of 2d adopted
by the European standard. Therefore, the ratio of the length of the reduced control perimeter to the length of the entire
perimeter in the MC2010 standard is greater. Considering the average value of the ratio of the failure force obtained
from the experiment to the calculated failure force, the MC2010-Rod method is similar to the MC2010-3d method (ratios
of 1.95 and 2.03). However, looking at the individual results it can be seen that for parameters c/d >5 the MC2010-Rod
method gives more reasonable results. A better estimate of the load capacity is given by the MC2010-Set proposal.
Similar results to MC2010-Set were obtained by performing CSCT-3d calculations. The large difference between the
results of the MC2010-3d and CSCT-3d calculations is because, in the CSCT-3d method, the reduction of the control
perimeter does not have a linear effect on the resistance of the connection.

The observation carried out during the laboratory tests confirms the fact that there are significant concentrations
of internal forces at the corners of the thickening. On the other hand, the obtained load-bearing capacity results suggest
that at the moment of failure the entire control perimeter was fully carrying the load. This testifies to the high possibility
of redistribution of shear forces in this type of structure (c/d>4). The above analysis suggests that with such large

supports, methods that reduce the length of the control perimeter do not succeed. It can be seen that in these methods,
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when the support dimension is increased over c/d = 3, there is no increase in resistance, see Table 5. Therefore, a
better solution seems to be to make the allowable transverse stresses in the connection depend on the support
dimension.
4.3. Discussion of the 2" test series

The drop panels of the 2™ test series elements were too flexible to lead to punching on the outside of the head,
see Figure 17 and Table 6. Calculations by standard methods show that the weaker control perimeter where destruction
should theoretically occur was the perimeter on the outside of the thickening. Only the CSCT calculations showed a
minimally lower resistance in the control perimeter inside the drop panel, which was consistent with the actual behaviour
of the plate. The ACI318 and EC2 standards (Vr / Vprov = 0.71-0.76) significantly overestimated the design punching
resistance inside the drop panel. On the other hand, the calculation of the punching resistance in the control perimeter
outside the head was a good estimate of the failure force. A similar situation occurs for the MC2010 calculations, except
that the design punching resistance inside the head was slightly less overestimated (Vr / Vprov = 0.88-0.89). The
observations of the test experiments and the calculations performed confirm a significant influence of the deformation
(angle of rotation of the plate) on the load capacity of the joint. The higher deformation in the slab contributes to a lower
punching resistance in the column-head joint. This is well illustrated by the CSCT calculation in which the deformation
of the slab (its angle of rotation) is the key design parameter, see Fig. 18. The calculated load capacity of the H4-800
element (11cm slab + 24cm head in the 800x800mm range) is 338kN. The load capacity of the plate thickened to 24cm
is 481kN.
In calculations with the CSCT method, if the whole slab is assumed in the head thickness, the punching resistance
would be similarly overestimated as in the case of the other standard methods (Vr / Vprov = 391/481 = 0.80). It should
be noted that this phenomenon occurs with flexible heads. Taking into account that the flexibility of the head can be
determined by the ratio of the head height to its overhang beyond the edge of the column (hy, / L), it can be concluded

that at a ratio hg, /L, < 0.55 the heads are too flexible to cause punching outside the head, see Fig. 19.
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Fig. 18. Comparison of the behaviour of the element with and without drop panel according to CSCT calculations.
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Fig. 19. Effect of head stiffness on failure mechanism.

4.2. Normalized transverse stresses in the control perimeter of the 1%t test series.

Figure 20a shows the normalised shear stresses acting in the control section as a function of c/d for the results
of the 1%t series tests with available literature data collected in Table 7. The same test data were presented in Fig. 20b
as a function of the failure force as a function of the support size (cmax / d). The failure force was divided by \/ﬁ and by
d to exclude the influence of the concrete strength and the useful height of the slab on the results obtained. The graphs
were made considering the control perimeter 0.5d away from the support with rounded corners. To compare the different
studies, the authors adopted the criterion of the similar reinforcement ratio of the tested elements, since the flexural
reinforcement significantly affects the allowable normalised shear stresses. Due to the low availability of experimental
tests with large square supports, the reinforcement ratio criteria with rectangular support elements were also considered.
It can be shown that as the support dimension increases, the allowable shear stress decreases. The decrease in
allowable shear stress is evident in the range of the parameter c/d from 2.5 to 7.5. For the G3, G4 and G5 elements,

the calculated allowable shear stresses remain relatively constant.
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The results presented in Fig. 20b indicate that a load capacity increment is proportional to the support dimension
in the range up to the value cmax =~4d. This is a less conservative result compared to what is assumed by the standard
guidelines recommended a proportional increase of the load capacity to the support dimension ¢ = 3d and then a
reduction of this perimeter. The results also clearly show that for supports with dimension ¢ >7d, straight sections (apart
from corners extended by 2d on each side) provide an additional load-bearing capacity reserve which the standard
guidelines recommended a reduction of the control perimeter do not take into account, see Fig. 21. The dark grey area
represents the range of force that is transmitted through the control perimeter of the corners and straight sections of
length 4d, while the light grey area is the force transmitted through straight sections of supports with a width greater
than 7d. The experimental results confirm the significant contribution of one-way shear parts of the control perimeter to

the total column-slab joint resistance for large support elements (cmax / d >7) [45].
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Fig. 20. (a) Ultimate shear stress depending on the parameter cmax/d; (b) Ultimate force depending on the parameter cmax/d.

Table 7. Chosen experimental data available for the column-slab connection.

Cmax | Can | C™ / h d Crmax/ fe fy Oix Oy Vu

Source Specimen | Year Crmin d
[(mm] | [mm] | [] | [mm] | [mm] | [] |[MPa]|[MPa]| [] [-] [kN]
S1-200 | 2022 | 200 | 200 1 110 | 80 | 25 |34.15| 500 |0.011 |0.011| 160
G1-300 | 2022 | 300 | 300 1 110 | 80 | 3.8 |36.53| 500 |0.011 |0.011 | 238.3
Present G2-400 | 2022 | 400 | 400 1 110 | 80 | 5.0 |34.49| 500 |0.011|0.011| 245
investigation | G3.600 | 2022 | 600 | 600 | 1 | 110 | 80 | 7.5 | 357 | 500 |0.011 |0.011 | 309.5
G4-800 | 2022 | 800 | 800 1 110 | 80 | 10.0 |38.14 | 500 |0.011 | 0.011 | 380.9
G5-900 | 2022 | 900 | 900 1 110 | 80 | 11.3 |32.28 | 500 |0.011 | 0.011| 420
M-3-1-0 | 1967 | 152 | 152 1 76 51 | 30 | 211 | 386 |0.011|0.011| 79
M-4-1-0 | 1967 | 203 | 203 1 76 51 | 40 | 155 | 386 |0.011 |0.011 | 93
Mowrerand | M-5-1-0 | 1967 | 254 | 254 1 76 | 51 | 50 | 233 | 386 |0.011|0.011| 109

Vanderbilt
63] M-6-1-0 | 1967 | 305 | 305 1 76 | 51 | 6.0 | 28 | 386 |0.011|0.011| 119
M-7-1-0 | 1967 | 356 | 356 1 76 51 | 70 | 27.8 | 386 |0.011 | 0.011 | 138
M-8-1-0 | 1967 | 406 | 406 1 76 | 51 | 80 | 249 | 386 |0.011|0.011| 145
Vanderbilt | 8S16 | 1972 | 305 | 305 1 51 | 381 | 80 | 205 | 295 |0.010 | 0.010 | 90
[42] 6S1-5 | 1972 | 229 | 229 1 51 | 381 | 6.0 | 21.2 | 296 |0.010|0.010| 78
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Fig. 21. Ultimate force depending on the parameter cmax/d. Interpretation of results.

4.2. Reduction factor of the support dimension on the punching resistance to the EC2.

4S1-3 1972 152 152 1 51 38.1 4.0 20.8 296 | 0.010 | 0.010 51
3S1-2 1972 114 114 1 51 38.1 3.0 23 303 | 0.010 | 0.010 47
2S1-1 1972 76 76 1 51 38.1 2.0 27.6 303 | 0.010 | 0.010 43
Al.-Yousif
and Regan 2 2003 500 100 5 100 80 6.3 23.2 472 | 0.010 | 0.009 | 209
[64]
Teng et al. S13-090 | 2018 600 200 3 150 117 51 114 537 | 0.009 | 0.009 | 558
[65] S15-090 | 2018 | 1000 | 200 5 150 117 8.5 97 537 | 0.009 | 0.009 | 658
L3c 2004 360 120 3 130 106 3.4 54 750 | 0.011 | 0.011 | 358
Og‘l’e['fz‘]et Lac | 2004 | 480 | 120 | 4 | 130 | 107 | 45 | 56 | 750 |0.011|0.011| 404
L5c 2004 600 120 5 130 109 55 63 750 | 0.011 | 0.011 | 446
7 1971 457 152 3.01 152 | 117.3 3.9 26.4 419 | 0.009 | 0.009 | 326
Hi"l"k['{‘;]et 8 1971 | 495 | 114 | 4.34 | 152 |117.3| 4.2 | 266 | 422 |0.008 | 0.008 | 321
9 1971 305 152 2.01 152 | 117.3| 2.6 30.1 422 | 0.008 | 0.008 | 322
1.0 ; Force transmitted by corners
5 sections of the control perimeter -
0.8 ; section type 1
’ [ ] ) .
Force transmitted by straight
. : ] sections of the control perimeter -
E i SEmRLY [0 sctons ot
= o .-.“a!n o o
= ol g : ——— section type 1
> 0.4 e —— section type 2
n ° 2d 2d
0.2 <l
: 2d
0.0

The performed analysis shows that the allowable shear stresses at failure decrease with the increasing length

of the testing control perimeter. The present EC2 standard [59] does not make the allowable shear stresses depend on

the support dimension (all the test elements with c/d > 4 have an over-designed resistance). The analysis shows that

the reduction of the control perimeter does not give design results compatible with the experimental tests (see Fig. 18,

EC2-DIN). The authors propose an additional reduction factor kg, that reduces the allowable transverse stresses in

places of the control perimeter reduction, as follows:

0.96 to 1.01.

A\ MOST

3
VRd,c = CRd,c * Kgp * k

where:

1

kep = 41— 0.025 * (%—4)

0.925
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A comparison between the basic calculation of the EC2 standard and the proposed modification EC2+ksh is

given in Table 8. The proposed additional reduction factor results in a change in the average Vrest/ Vr,prov ratio from
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Table 8. The load punching capacity calculations of test elements by the EC2 and the proposed modification by the ksh factor.

Test c d c/d fe pi Vreecz | boec2 | Vec2 ksn | Vecosksh | VR
element

Vr/ Vr/

VECZ VECz+ksh

em] | [em] | [[] |[MPa]| [] [[MPa]| [cm] | [kN] | [ (kN] | [kN] | [ [

S$1-200 20 8 2.5 342 | 0011 | 1.21 | 1805 | 174 1 174 160 | 0.92 0.92

G1-300 30 8 3.75 | 365 |0.011 | 1.23 | 2205 | 218 1 218 238 | 1.09 1.09
G2-400 40 8 5 345 | 0011 | 1.21 | 260.5| 252 | 0.975| 246 245 | 0.97 1.00
G3-600 60 8 7.5 357 | 0.011 | 1.22 | 340.5| 333 |0.925| 308 310 | 0.93 1.01
G4-800 80 8 10 38.1 | 0.011 | 1.25 | 420.5| 421 | 0.925| 389 381 | 0.91 0.98
G5-900 90 8 11.25| 32.3 | 0.011 | 1.18 | 460.5 | 436 | 0.925 | 403 420 | 0.96 1.04

mean | 0.96 1.01

4., Conclusion.

This study presents unique experimental test results of the two series of slab-column elements topped with

varying sizes of drop panels. The behaviour of the tested elements during the experimental test and the form of failure

are described. Ultimate loads were compared with the selected calculation standards methods. The experimental test

results were analysed in terms of allowable shear stresses. Based on performed experimental and analytical

investigation the following conclusions may be drawn:

The failure form of the tested slab-column elements depends on the stiffness of the drop panel. The
elements of the 1%t series (with rigid head) behaved as plates supported on a large column. The 2™
series of elements (with a flexible head) showed that it was not possible to reach the punching shear
outside the drop panel due to insufficient stiffness. The stiffness of the head can be determined by the
ratio of the head height to its extension beyond the edge of the column (hy, / Ls,). The experimental test
results show that at a ratio hy, /L, < 0.55 the heads are too flexible to cause punching shear outside
the head.

Elements H4-800 and H5-900 were damaged by punching inside the drop panel. According to ACI318,
EC2 and MC2010 (lll LoA) standards, the failure should occur outside the drop panel. Thus, the ACI318
and EC2 standards overestimated the punching resistance inside the head by about 25%, while the
MC2010 (llILoA) standard overestimated the resistance to punching inside the head by about 10%. This
result was due to the lower stiffness of the plates with partial thickening compared to the element with
thickening over the entire range. This results in a larger rotation angle of the plate with partial thickening,
leading to faster failure. The authors emphasise the need for more research on this type of connection.
The 1% series of experimental tests confirm significant concentrations of shear forces at the corners of
the large support. At the same time, they show a significant contribution of the rest of the control

perimeter to the ultimate force transmitted by the slab-column joint.
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e A comparative analysis of the chosen standard methods showed that all standard methods using the
control perimeter length reduction approach due to the size of the support were far from the
experimental results. The control perimeter reduction approach in the standard guidelines does not
adequately fulfil its role. A better solution is the approach of reducing the allowable transverse stresses
as a function of the support dimension by an additional reduction factor.

The obtained results encourage the authors to continue the research directed towards precisely understanding
the influence of the drop panels size and stiffness on the behaviour of the connection between the flat slab and the

column topped by the drop panel.
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