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Greetings

PhD studies mean the highest level of university education al over the world. Results of PhD studies
areimportant not only for the PhD candidates but also for the universities themselves. Successful PhD
researchers often become future professors at universities or recognized engineers by companies.

Every university has its own programme for PhD studies which can be considerably different at
various universities. However, the purpose of them is always to support high level research.

The series of fib International PhD Symposiain Civil Engineering provides a specia forum in ad-
dition to the PhD programmes to present the results of the ongoing research and to discuss them
collecting advices on how to continue and finish the research.

In this forum only young colleagues (PhD candidates) are allowed to make presentations who ha-
ve dready started their research but did not submit their thesis yet (at the time of submitting the Abs-
tract). Supervisors (anyhow professors and practicing engineers) are very welcome as Session Chair
persons or contributors to the discussions.

Therefore, one of the unique features of these PhD Symposiais that a long obligatory discussion
time (almost as long as the presentation) is included in the programme. In this way our young resear-
chers are subjected to comments and questions of an international community.

In the fib International PhD Symposia many universities and institutes are represented from dif-
ferent parts of the world. It is aways nice to realize how many researchers are active in various re-
search fields and which are the most relevant research topics. Persona contacts of the participants
taken during the PhD Symposia can help to devel op future collaborations.

In this way we can fulfil the original objectives of the fib International PhD Symposia: (1) to pro-
vide aforum for PhD studentsin civil engineering to present the progress of their work; (2) to discuss
the results of the ongoing PhD studies in order to support the future work; (3) to give the possibility
for PhD students to establish contact for international communication and (4) to compare PhD studies
in various countries.

| personally always enjoyed the unique atmosphere of previous PhD Symposia full with activities
and enthusiasm of both the PhD candidates and the professors. Please enjoy it at KIT in Karlsruhe,
Germany in 2012.

Finaly, | take this opportunity to wish to our PhD candidates successful discussions in Karlsruhe
and a successful PhD defense at your universities when you are ready with your research.

Gyorgy L. Balazs
President of the International Federation for Structural Concrete (fib)






Preface

The fib International PhD Symposium in Civil Engineering is an established event in the academic
calendar of doctora students. It is held under the patronage of the International Federation for Struc-
tural Concrete (fib), one of the main international associations that disseminates knowledge about
concrete and concrete structures. Previous venues of the fib International PhD Symposium in Civil
Engineering were: Budapest (1996 and 1998), Vienna (2000), Munich (2002), Delft (2004), Zurich
(2006), Stuttgart (2008) and Copenhagen (2010).

The Karlsruhe Ingtitute of Technology (KIT) and its Institute of Concrete Structures and Building
Materials are honoured to host the 9" Symposium from July 22 to 25, 2012 in Karlsruhe, Germany.
The organizers are very happy to welcome 107 PhD-students from 21 countries presenting their work
in the different fields of civil engineering both with a written paper contained in the proceedings at
hand, as well as with an oral presentation during the conference. The topics of the conference — pre-
sented in different sessions — can be summarized as follows:

load carrying and shear behaviour of concrete members

load carrying behaviour and performance of masonry structures
dynamics of structures and material behaviour under dynamic loadings
innovative structures

concrete technology and microstructure of concrete

durability of concrete

behaviour and performance of various materials and structures
numerical simulation techniques

fibre reinforced concrete

monitoring and repair of building structures

The organizers of the symposium would like to thank the contributing PhD students for their efforts
and their patience with us. We also thank the supervisors for their support for the symposium. It isan
important part of academia to present research projects to an international audience and share infor-
mation and experience with colleagues from the international research community. The organizers
hope that you, the PhD students, have an enjoyable time in Karlsruhe and find the symposium a good
chance to extend your professional network.

The review processin the fib PhD Symposiais very intense and requires much more time than for
other conferences, owing to the educational nature of the symposium. This is why the organizers
would like to thank the scientific committee, which consisted of 40 internationally recognized re-
searchers from 19 different countries, for their tireless support. As for earlier years, the quality of the
manuscripts ranged from good to excellent, illustrating the experience and training of the young
researchers.

The organizers would also like to thank the PhD students and student assistants of the Institute of
Concrete Structures and Building Materials of KIT, who supported the organising committee in the
editing of the proceedings at hand and in the organisation.

Last but not least the organizers would like to express their gratitude to the sponsors of the sym-
posium. Their significant support made the symposium possible.

We wish all participants a successful and worthwhile symposium and a rewarding career within
the civil engineering community.

Harald S. Miller, Michael Haist and Fernando Acosta
Karlsruhe, June 2012
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Shear tests of reinforced concrete slabs and slab
strips under concentrated loads

Eva O. L. Lantsoght

Department of Design & Construction — Concrete Structures
Delft University of Technology

Stevinweg 1, 2628 CN Delft, The Netherlands

Supervisors: Cor van der Veen and Joost C. Walraven

Abstract

In slabs subjected to concentrated loads, the shear strength checks are conducted for two limit states:
1) shear over an effective width, and 2) punching shear on a perimeter around the point load. In cur-
rent practice, the shear strength at the supports is determined with models that do not consider the
transverse redistribution of load that occurs in slabs, which results in underpredictions for the actual
slab shear capacity. Currently, an experimental program is being conducted at Delft University of
Technology to determine the shear capacity of slabs under point loads near to the support. This paper
presents the results of the tests conducted in continuous slabs and slab strips. In addition to studying
the influence of the slab width, the specimens are tested with two types of reinforcement (ribbed and
plain bars). The results of the experiments are compared to strength predictions from current design
models. Also, recommendations for the support effective width and an enhancement factor for con-
sidering the effect of transverse load redistribution are given.

1 Introduction

Shear in reinforced concrete one-way slabs loaded with a concentrated load near the support is typi-
cally checked in two ways: by calculating the beam shear capacity over a certain effective width and
by checking the punching shear capacity on a perimeter around the load. The method of horizontal
load spreading, resulting in the effective width b4 of the support which carries the load, depends on
local practice. In most cases (eg. Dutch practice) horizontal load spreading is assumed under a 45°
angle from the centre of the load towards the support, Fig. 1 (left). The lower limit for the effective
width is typically 2d for loads in the middle of the width and d for loads at the edge and corner of the
slab. In French practice [1], load spreading is assumed under a 45° angle from the far corners of the
loading plate towards the support, Fig. 1 (right). The punching shear (two-way shear) capacity in
code formulas is developed for two-way slabs. Most empirical methods for punching shear have been
derived from tests on slab areas around a column; a loading situation which is significantly different
from a slab under a concentrated load close to the support.

support support

Fig. 1  Effective width (left) assuming 45° load spreading from the centre of the load: b.;; (right)
assuming 45° load spreading from the far corners of the load: b,; top view of slab.

2 Previous research

Recent research concerning shear in slabs has mainly focused on one-way slabs under line loads [2].
It was experimentally shown that one-way slabs under line loads behave like beams and that beam
shear provisions lead to good estimates of their shear capacity. A database of 206 experiments on
wide beams and slabs [3] shows that test data regarding the shear capacity of one-way slabs (b
from Fig.1 (right) smaller than the total specimen width, ) under concentrated loads are scarce and
only 22 experiments with a/d < 2,5 are available [4-7]. The majority of these experiments were car-
Proc. of the 9"‘ﬁb International PhD Symposium in Civil Engineering, July 22 to 25, 2012,
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ried out on small specimens (d < 15cm). A comparison between these results from the literature and
EN 1992-1-1:2004 [8] “EC2" (combined with two different load spreading methods and Cgq = 0,15
[9]) and the French National Annex [1]) and Regan’s method [4] is shown in Table 1. The average
(AVG), standard deviation (STD) and coefficient of variation (COV) of the results for the experi-
mental value divided by the calculated value indicate that the traditional method of calculating the
one-way shear strength (EC2 + bg;) underestimates the capacity. The French National Annex [1] and
Regan’s method [4] lead to the best results. The French National Annex allows shear stresses in slabs
2,27 times higher (for k = 2) than in beams as a result of transverse redistribution. Regan’s method
combines an enhancement factor from one-way shear with a punching perimeter from two-way shear.
These results indicate that slabs can support higher concentrated loads as a result of their extra dimen-
sion. However, not enough experimental evidence is available to support this statement. Therefore, a
series of experiments on slabs with d = 265mm is carried out.

Tablel  Comparison between test results from literature and design methods.

EC2 [8] + bgn EC2 [8] + bgt, EC2 + French NA [1] Regan [4]
AVG 3411 2,038 1,022 0,966
STD 1,005 0,501 0,294 0,204
cov 29,5% 24,6% 28,8% 21,1%
3 Experiments

3.1 Experimental setup

A top view of the test setup with a slab is presented in Fig. 2. The line supports (sup 1 and sup 2 in
Fig. 2) are composed of a steel beam (HEM 300) of 300mm wide, a layer of plywood and a layer of
felt [10] of 100mm wide. Experiments are carried out with a concentrated load close to the simple
support (sup 1 in Fig. 2) and close to the continuous support (sup 2 in Fig. 2), where the rotation is
partially restrained by vertical prestressing bars which are fixed to the strong floor of the laboratory.
The prestressing force is applied before the start of every test, offsetting the self-weight of the slab.
During the course of the experiment, some rotation could occur over support 2 due to the deformation
of the felt and plywood and the elongation of the prestressing bars.

3.2  Specimens and Results

All dabs (“S’) and dab strips (“B”) have a thickness h of 300mm and an effective depth d of 265mm.
The dabs are either loaded at the middle of the slab width (position M) at the simple and continuous
support (two tests per slab), or consecutively at the east and west side (position S) at the simple and
continuous support (four tests per slab).

Ribbed reinforcing bars with a diameter of 10mm (measured mean yield strength fg, = 537MPa
and measured mean ultimate strength fy, = 628MPa) and 20mm (f, = 541MPa and fy, = 658MPa) are
used [10]. For S11 to S14, plain reinforcing bars with a diameter of 10mm (fg, = 635MPa and fg, =
700MPa) and 20mm (fy, = 601MPa and fg, = 647MPa) are used [10]. The flexural reinforcement is
designed to resist a bending moment caused by a load of 2MN (maximum capacity of the jack) at
position M (Fig. 2) along the width and 600mm along the span (a/d = 2,26). In practice, the amount of
transverse flexural reinforcement for slabs is taken as 20% of the longitudinal flexural reinforcement.
In the tested slabs, 13,3% of the longitudinal flexural reinforcement is used in S1 and S2; 25,9% in
S3, S5 to S14 and 27,2% in the slab strips. In $4 the amount of transverse flexural reinforcement is
only doubled as compared to S1 and S2 in the vicinity of the supports.

The properties and results of S1 to S9 and the dlab strips can be found in [11]. The properties of
S11to S14 are given in Table 2, in which the following symbols are used:

f the cube compressive strength of the concrete at the age of testing the slab,
fe the splitting tensile strength of the concrete at the age of testing the slab,
Dl Pt thelongitudinal (p)) and transverse (py) reinforcement ratios of the slab,

a the centre-to-centre distance between the load and the support,

M/S loading at the middle (M) or side (S) of the slab width, Fig. 2,

Bioad X licag the size of the loading plate.
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Fig. 2 Sketch of test setup, top view.

Table2  Properties of slabs S11 to S14.

Slab b 1. St P e a/d M/S bioad * lioad test age
nr. m | ™MPa) | (MPa) | (%) | (%) (mm x mm) | (days)
S11 2,5 54,9 4,2 1,375 | 0,358 | 2,26 M 200 x 200 90
S12 25 | 548 42 1,375 | 0358 | 226 | S 200 x 200 97
S13 2,5 51,9 4,2 1,375 0,358 1,51 M 200 x 200 91
S14 2,5 51,3 4,2 1,375 | 0,358 | 1,51 S 200 x 200 110

The results of S11 to S14 are given in Table 3, in which the following symbols are used:

SS/CS experiment at the simple (SS, sup 1) or continuous support (CS, sup 2), Fig. 2,

P, the measured ultimate load,

WB/P/B  failure mode: wide beam shear (shear crack at the inside), punching shear or beam shear,

Fres the force in the prestressing bars at failure,
Vinax the resulting maximum shear force,
Vax.EC the maximum shear force including reduction of the loads within 2d of the support [8].

Table 3 Results of slabs S11 to S14.

Test SS/CS P, (kN) Failure mode Fores Vinax Vnax.EC
(kN) (kN) (kN)
S11T1 SS 1194 WB + P 165 998 848
S11T4 CS 958 WB + P 307 886 766
S12T1 SS 931 WB+B+P 162 780 663
S12T2 SS 1004 P 173 839 712
S12T4 CS 773 WB+P+B 147 705 608
S12T5 CS 806 WB + B 158 735 633
S13T1 SS 1404 WB + P 157 1253 593
S13T4 CS 1501 WB +P 240 1411 706
S14T1 SS 1214 WB+P+B 133 1088 518
S14T2 SS 1093 WB+P+B 162 975 462
S14T4 CS 1282 WB+P+B 187 1207 605
S14T5 CS 1234 WB+P+B 142 1157 578
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4 Results
41 Influence of the width

If the concept of an effective width can be applied to concrete slabs loaded in shear, then the shear
capacity ceases to increase proportionally to the width after reaching a threshold value, the effective
width. Increasing widths will lead to the same capacity, as only the effective width can carry the shear
force from the load to the support [12]. For loads close to the support (a/d < 2,5) the results of S8 and
S9 are compared to the results of the series of slab strips with different widths (BS1/0,5m — BX3/2m).
The size of the loading plate, distance between the load and support and location of testing are varia-
ble. As shown in Fig. 3, the previously described threshold is achieved after an almost linear increase
in capacity for an increase in width.

Table 4 gives the results for the effective width (b,,..;) based on the experimental results, com-
pared to the calculated widths based on the load spreading methods from Fig. 1 and from the
ModelCode 2010 (by,c) [13]. Remarkably, lower effective widths are found at the continuous support.
The load spreading mechanism is thus influenced by the moment distribution in the shear span. The
observed relation between the effective width and the size of the loading plate as well as the distance
between the load and the support, are best reflected by b.g. The effective width from ModelCode
2010 gives too conservative results and does not correctly take the influence of the size of the loading
plate into account.

Table4  Effective width as calculated from the experimental results.

Test: bload X lload’ SS/CS, a/d bmeas (m) ber'ﬂ (m) beff? (m) bMC (m)
300mm x 300mm, SS, a/d = 2,26 2,12 1,10 1,70 0,99
300mm x 300mm, CS, a/d = 2,26 1,81 1,10 1,70 0,99
200mm x 200mm, SS, a/d = 1,51 1,25 0,70 1,10 0,63
200mm x 200mm, CS, a/d = 1,51 1,11 0,70 1,10 0,63
200mm x 200mm, SS, a/d = 2,26 1,63 1,10 1,50 0,98
200mm x 200mm, CS, a/d = 2,26 1,33 1,10 1,50 0,98
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Fig. 3 Influence of overall width on shear capacity for the series discussed in Table 4.

4.2 Comparison to design models

All test results are compared to the following code methods: EN 1992-1-1:2004 [8] with Cg,.= 0,15
[9] with b,y and by, EN 1992-1-1:2004 [8] with the French National Annex for slabs [1] and Re-
gan’s formula [4]. The comparisons are based on the measured mean material properties. Safety and
material factors equal 1. Punching shear was not the governing failure mode according to EN 1992-1-

6
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1:2004 [8]. The critical perimeter as used in Regan’s method is taken with 4 sides for loading in the
middle of the width for the dabs, with 3 sides for loading near to the edge of the width for slabs and
with 2 sides for the smallest slab strips.

Table 5 shows the comparison between the test results P, or resulting shear forces Vi, ec and the
calculated values according to the considered methods. These results show that Regan’s method and
EN 1992-1-1:2004 with b, estimate best the shear capacity of dabs under concentrated loads close
to the support. The French National Annex overestimates the shear capacity as 2,27 times higher
stresses are allowed for dabs (for k = 2).

Table5 Statistical properties from comparison between experimental data and calculated values.

Test data Vinaxeo! VEco pests Virax e/ Veco pett Viraxec/ Ver Py/Pregan

AVG | STD | COV | AVG | STD | COV | AVG | STD | COV | AVG | STD | cov
All 2,71 1058 | 21% | 197 | 032 | 16% | 0,85 | 0,15 | 18% | 1,01 | 0,14 | 14%
Slabs 286 {049 | 17% | 198 | 025 | 12% | 0,89 | 0,12 | 14% | 1,03 | 0,15 | 14%
Ribbed 298 | 049 | 16% | 201 | 027 | 13% | 0,87 | 0,13 | 15% | 1,08 | 0,13 | 12%
Plain 260 | 041 16% | 191 018 | 9% | 093 | 009 | 9% | 0,92 | 0,14 | 15%
Slab strips | 2,46 | 0,64 | 26% | 1,95 | 042 | 21% | 0,78 | 0,17 | 21% | 0,97 | 0,13 | 13%

The influence of the considered effective width is reflected by the results of Vi ec/Vecopern and
Vimaxec/ Vecapeitz; USING Der, agrees better with the experimental results. The average value (AVG)
becomes smaller and more uniform: compare the range of 2,4 - 3,0 for b, to the range of 1,9 - 2,0
for bgro. The standard deviation becomes smaller, as well as the coefficient of variation. These statis-
tical parameters confirm that the French load spreading method (Fig. 1 (right)) is to be preferred for
determining the effective width.

Comparing the row with the results of the slabs and the row with the results of the slab strips,
shows a larger average capacity for slabs, which can be attributed to transverse load distribution.
Therefore, in combination with [8] and bg,, an enhancement factor of at least 1,25 can be applied for
slabs benefitting from transverse load redistribution and loaded close to the support. Also, the mini-
mum effective width can be taken as 4d [14].

Kani [15] showed that plain bars result in higher shear capacities than deformed bars. As the con-
crete compressive strength and amount of transverse reinforcement of S1 and S11 were different, a
direct comparison for the test results could not be made. The experiments mainly showed a difference
in the cracking pattern, and a possibility for anchorage failure in the slabs with plain reinforcement.
The influence of bond on the shear capacity of slabs under concentrated loads is thus studied based on
the comparison to the code methods, Table 5. These results show that the average ratio of tested to
predicted value is smaller for the plain bars as compared to the ribbed bars. Regan’s method [4]
slightly overestimates the capacity of slabs with plain bars. The higher calculated predictions accord-
ing to [4], however, are the result of the increased amounts of transverse and longitudinal reinforce-
ment.

Comparisons to non-linear finite element models [16, 17] show that predicting the experimental
values strongly depends on the choice of the input parameters. A posteriori modelling leads to good
results, but it is shown [16] that choosing a certain set of input parameters from modelling one exper-
iment does not necessarily lead to an equally close modelling of another experiment. The recom-
mended effective width b, also most closely corresponds to the effective width based on the stresses
at the support [16].

5 Conclusions and Recommendations

Transverse load redistribution leads to higher shear capacities in slabs as compared to beams. This
conclusion is reflected in tests from the literature, as well as in the results from the discussed test
series.
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The French load spreading method is to be preferred. This conclusion is supported by data from the
literature, the series of specimens with varying width, the comparison to code methods and results
from non-linear finite element analysis.

The test data indicate that slabs reinforced with plain bars have a slightly smaller shear capacity.
This conclusion does not correspond to the observations for beams with plain barsfailing in shear.

It is recommended to assess the one-way shear capacity of reinforced concrete slabs by using EN
1992-1-1:2004 taking into account direct load transfer between the load and the support. This code
method is to be combined with the effective width b, (resulting from the French load spreading
method) with a minimum effective width of 4d, and an enhancement factor on the capacity of at least
1,25 for loads close to the support (a/d < 2,5) .
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Abstract

Shear and punching shear tests on concrete members have reached their size-limitations since years,
as financial and material amounts as well as requirements on testing infrastructure are rising with
increasing member sizes. The existing lack of experimental results on large reinforced concrete mem-
bers becomes more important, since there is a remarkabl e size effect concerning the effective depth’s
influence — especially for shear and punching shear failure.

Inspired by best practice for numerical simulations, an innovative test setup for shear and punching
shear tests utilizing the conditions of symmetry is developed. Symmetric parts of test specimen are
substituted by special modular bearing systems representing symmetric support. Fundamental investi-
gations focus on engineering and realizing these bearing systems to ensure identical test performance
of symmetrically reduced test specimen compared to the analogous full-size member. For this pur-
pose, an almost frictionless sliding as well as a flexurally rigid performance at the symmetry bearing
have to be redlized.

1 Introduction and motivation

1.1. Experimental data available and size effects

Analysing currently available experimental data shows that experiments are designed and performed
in considerably smaller scales than practically realized later on. In figure 1 (left) the experimental data
of slender slabs without shear reinforcement failing in punching shear is plotted against effective
depths of tested concrete members. The analysis demonstrates that 95 % of effective depths of test
specimen are smaller than 20 cm. Simultaneoudly, there is a notable and continuing evolution of
range of practical interest towards larger slabs. However, referring to experiments on slender slabs
with large sizes, only one single slab with an effective depth of d = 45 cm tested by Guandaini [2] is
available. This existing gap between effective depths of experimentally investigated and practically
realized reinforced concrete members leads to one fundamental question:

How safe can load bearing capacities and mechanisms, derived from experiments on small con-
crete members, be extrapolated to real structures featuring considerably larger sizes?

95 % of available data
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Fig. 1 Available experimental data of sender slabs (A > 3) without shear reinforcement failing
due to punching shear (left), model safety factors acc. to DIN 1045-1 [1] of own shear
tests on reinforced concrete beams without shear reinforcement (right)
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The complexity of answering this question is based on the fact that existing size effects [3, 4] prohibit
a direct extrapolation of the experimentally obtained bearing capacities. Especially for brittle failure
modes that occur in shear and punching shear of concrete members without shear reinforcement, a
significant non-linear influence of effective depth has to be considered. Current code provisions, such
as DIN 1045-1 [1] and Eurocode 2 [5], use an approach based on fracture mechanics for approximat-
ing this size effect. This approach (eq.1) is uniformly used in design formulations for both shear and
punching shear.
200
d[mm]

k=1+

<20 )

To prove this approximation, own experiments on true-scaled concrete beams without shear rein-
forcement have been performed [6]. Therefore, effective depths of the test specimen varied from
20 cm to about 100 cm. Remaining parameters have been kept constant in order to fulfill the demand-
ing requirements on true to scale experiments [3, 4]. In figure 1 (right) the experimental results are
plotted in terms of model safety factors ymog [7, 8] against the effective depths of tested beams. The
model safety factor ynqq illustrates a safety margin depending on the 5%-fractile of the total popula-
tion of experiments on shear failure without shear reinforcement.

Although, the size effect approach acc. to Eurocode 2 and DIN 1045-1 is aready included in
model safety factors ymea, the analysis of the true-scaled series of experiments shows a trend to de-
creasing safety factors with increasing member sizes.

Besides other aspects [4], it should be considered carefully that current codes prescribe a mini-
mum shear reinforcement for beam-like structures to ensure a ductile failure mode. By contrast, same
code provisions tolerate a design of slabs subjected to shear or punching shear loads without shear or
transverse reinforcement.

In summary, the combination of

- range of practical interest, experimentally confirmed only in asmall and restricted part,
- continuous evolution towards increasing concrete member sizes and heights,

- existing well-known but not really solved problem of size effects,

- and pronounced brittle failure modes,

demonstrates the relevance of experimental research in the field of punching shear failure of large
reinforced concrete slabs.

1.2 Experimental challenge: punching shear tests on thick reinforced concrete slabs

Using common test setups, the experimental challenge of testing slender slabs with large effective
depths in punching shear becomes almost insuperable. Indeed, fundamental requirements on test setup
and infrastructure for punching shear tests are significantly more challenging, than for comparatively
simple tests on shear failure of beams. The redlization of atrue rotationally symmetric bearing of test
specimen means to avoid a stiffness-dependent support of slab also for cracked states. Testing of slabs
requires sufficient large slendernesses, which results in large specimen sizes and accordingly heavy
weights of specimen.

At the same time, thick slabs and slabs with large effective depths lead to enormous testing |oads
that cannot be handled in international laboratories at this time. Further aspects of manufacturing,
transportation, cuttings and removal have to be considered which cannot be (financially) legitimated
in sum. Hence, one promising approach to obtain experimental results on thick concrete slabs failing
in punching shear is developing a new testing method.

2 Innovative test setup

2.1  Symmetry conditions

At the institute of concrete structures at the Ruhr-Universitdt Bochum, an innovative concept for
testing slabs loaded in punching shear is developed. The research program is financially supported by
the German Research Foundation (DFG) and focuses on true to scale punching tests on slabs with
large effective depths. The fundamental ideaisinspired by best practice of numerical analyses[9].

To reduce time needs for numerical solutions, modeling techniques typically utilize symmetry
where possible. In figure 2 (left), the finite element model of a reinforced concrete slab failing in
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punching shear is shown. Due to utilizing symmetrical conditions, only a quarter of the slab has been
modelled.

Fig. 2 Utilizing symmetry of system and load in numerical investigations [9] (left) and as basic
principle for the innovative test setup (right)

Transferring this fundamental principle to experimental research and procedures means to substitute
symmetric parts of test specimen by a symmetric support. In figure 2 (right), a schematic drawing of
the principle operation mode of the test setup is given. Beneath realizing a flexurally rigid bearing
combined with minimized deformations u, sliding with small friction of the specimen in vertical
direction w has to be ensured. Accordingly, these characteristic features are equivalent to the main
challenges discussed separately in section 3.

Specified for punching shear tests, utilizing the double symmetry leads to quartering of weight
and test loads beneath a significant reduction of material and personal costs. Therefore, this concept
allows testing considerably larger slabs than up to now. In figure 3, a visualization of the setup for a
large concrete dlab tested for punching shear is shown. The whole test setup consists of six bearing
modules. Each one is composed of flexurally rigid reinforced concrete bearings and a slip-free em-
bedded front end made of steel. The main advantage of the modular assembly is seen in flexible
combination and setting up. This alows to obey individual requirements and sizes of test specimen.
Furthermore, it benefits handling and storage of setup’s components. In the remainder, the experi-
mental realization is explained in detail.

Fig. 3 Visualization of developed innovative test setup for punching shear tests on thick slabs

1"
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2.2 Experimental realization

The rotationally symmetric loading is applied through load distribution plates arranged axis-
symmetrically along the outer edge of the specimen. On the inner edge, the testing slab is enclosed by
a combination of steel segments divided by elastic interface layers also used as framework for placing
of concrete. These layers prevent an unacceptable stiffening of the slab along the symmetrical sup-
port. A special sliding layer made of greased PTFE (polytetrafluoroethylene), also known as Tef-
lon™, divides testing slab and front end of the bearing modules. Combined with the special mechani-
cally finished and polished surface of the steel frame, an almost frictionless sliding is enabled.

The test specimen itself is connected and restrained by a unique socket construction (figure 4).
The concrete-casted socket is connected to a threaded rod, which is anchored in between clearances of
the steel frame. Anchor plates of the reinforcement as well as the reinforcement itself have to fulfill
same displacements. Therefore, these anchor plates are supported on sliding layers made of greased
PTFE, too. Additionally, this means that the spacings in the steel frame have to be sufficiently dimen-
sioned for both vertical and horizontal amount of displacement of reinforcement’s anchor plate.

In summary, the bearing modules carry the total reaction forces of the slab by direct contact on
the compressed part and by restrained sliding anchors of reinforcement on the tension part. Finally,
the reinforced concrete bearings are restrained and anchored in the prestressed strong floor of the
testing laboratory.

sliding anchorage
of reinforcement

test specimen

Fig. 4 Single bearing module and corresponding elements of test setup

3 First performance tests

31 Developing and optimizing component-by-component

First and foremost, the primary goal of the research program is developing and realizing symmetry
bearings for experimental investigations on punching shear failure. Prior to first tests on large scale
slabs, the development of the test setup itself is continuously supported by experiments on single
major components. Therefore, smaller alternate samples of test specimen as well as symmetrically
reduced concrete beams are taken to prove and verify functionality of elements and details. Especially
the realization of almost frictionless sliding interface layers and the development of flexurally rigid
support of the test members are in the focus of present work. Following, major results of performed
sliding tests and first complete tests on reinforced concrete beams are presented exemplarily.

3.2  Friction and sliding tests

Simulating sliding of the actual test specimen, two anchorage plates are prestressed against the steel
frame under defined prestressing force and vertically pushed then (figure 5). The anchor plates are
similar to those used in future tests on reinforced concrete members to anchor the reinforcement bars
between spacings of the steel frame.
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Fig.5 Sliding tests at steel frame with defined surface finish (left and middle), test specimen for
dliding tests pasted with greased sheets of PTFE (right)

The test parameters include different thicknesses and sizes of PTFE-sheets, as well as varying posi-
tions of loading and different surface qualities and roughness of the dliding planes. Beneath a small
sliding coefficient especially under high pressures, resulting deformations of the PTFE-sheets have to
be minimized, to avoid unintentional rotations of the test specimen.

Considering the effective prestressing load as well as the dead load of the whole dliding system,
the vertical load required to push the system is measured and results in a diding coefficient of the
system. Results show, that sliding combinations based on greased PTFE-sheets lead to sliding coeffi-
cients smaller than about 1 %. These excellent dliding coefficients can be reached even under high
prestressing forces, corresponding to maximum reaction load of the reinforcement of future concrete
tests. Addit