NON-LINEAR 3D MODELLING OF RC SLAB PUNCHING SHEAR FAILURE
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Abstract. Modern technologies of 3D computer modelling with the help of finite-element methods of numerical analy-
sis in non-linear aproach enable a reliable simulation of real reinforced concrete slabs behaviour under the conditions of
complicated stress-strain state in all the stages of their behaviour under loading, including a stage of elasticity-plasticity
state in concrete and reinforcement as well as formation and development of destruction mechanism. Numerical methods
of modelling of critical behaviour of structures go beyond the borders of scientific research, being increasingly applied
for solving non-trivial engineering tasks when it becomes evident that possibilities of analytical approach, acceptable for
the existing design codes are not sufficient. In such a case an exceptional attention is to be paid for verification of
calculated models against experimental research of similar numeric models. This article reviews a case of complex
experimental-theoretical and numerical calculation and analysis methods applied for a reinforced concrete floor slab and
column connection. The object of research is of exceptional interest as for practical calculation methods for this type of
constructions following design norms of different countries revision and additional processing are necessary. The results
of the reinforced concrete floor slab and column junction computer model non-linear numerical analysis are presented
and compared with the results of an experimental study.
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shear, slab-column connection, crack pattern, strain/stress distribution, failure mechanism.

1. Introduction

Over the last years, numerical simulation has evolved
from a specific research application to a fully accepted
and widely used tool for product and process optimiza-
tion. The rapidly growing use of numerical simulation is
due both to the constantly increasing hardware perfor-
mance and to the methodical software enhancements.
Thus, the user community has grown considerably in
recent past. Today, new challenges in view of a better
integration of the simulation processes into the product
development are arising. The objective is to accelerate
the extraction of the knowledge accumulated in a wealth
of simulations in such a way that it can be used to de-
fine product development standards and recommenda-
tions. It is becoming increasingly important to create
efficient and effective simulation environments.

It is generally accepted that traditional practical de-
sign methods of concrete structures are based on the ana-
lytical empirical analysis approach. However, the ana-
lytical method had not evolved independently like a pure
theory of structural mechanics. The improvement of the
analysis method has been made on the base of the ex-
perimental results in order to reproduce real load-stress-
strain relationships.

Recently, implementation of computer simulation
methods in the field of analysis of building structures,
including the ones of reinforced concrete, is becoming
an increasingly effective tool used not only by scientific
researchers but also practising engineers. Application of
numerical analysis methods based on finite elements
theory for solving practical tasks allow to perform vir-
tual testing of structures and explore their behaviour
under load and other effects under different conditions
taking into account elastic and plastic behaviour of ma-
terials, appearance and development of splints, cracks
and other damages (disintegration), and finally to simu-
late the failure mechanism and its consequences, and in
this way to evaluate in objective way the working re-
serve of the structures [1-7].

Rapid development of computer simulation technolo-
gies makes us think about the accuracy and adequacy
while describing actual behaviour of the structures, about
the place of laboratory experimenting methods and pros-
pects in the process of scientific research, and their rela-
tion to numerical experiment and analysis methods, about
the limits for implementation of the latter and possibili-
ties for practical usage. It is very important that before
practical application FEM analysis methods should be
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verified and validated comparing the analysis results with
reliable experimental data.

The goal of this paper is to present recent experi-
ences in the field of computer simulation methods of
concrete structures and their potential for practical engi-
neering work, the role of analytical numerical analysis
of concrete structures in relation to experimental studies
and structural design methods.

2. Research object

Reinforced concrete plates supported on columns are
easy to construct and thus are economical and widely
used. However, flat plates are subjected to high local
shear and tensile stresses around the column area. Since
concrete is weak in tension, slabs without transverse re-
inforcement can be prone to brittle punching shear fail-
ures. Proper analysis of reinforced concrete shells and
plates requires non-linear material formulations. The case
of punching slab is an actual engineering task, where
three-dimensional stress-strain state plays an important
role for structural behaviour and failure mode.

During last five years a number of experimental and
numerical investigations were applied by the authors in
order to investigate design codes recommendations for
punching shear calculation in terms of evaluation of some
essential factors, which have an influence on punching
shear behaviour and affect failure mode [8—11].

For practical design applications analytical design
formulation based on theoretical experimental approach
is accepted. Commonly main design aim of reinforced
concrete slabs near the support zone is to avoid brittle
and rapid punching failure mode. Comparing different
punching shear strength analytical calculation methods
one may find that most national design codes deal only
with evaluation of concrete strength basically expressed
by tensile strength and shear reinforcement within some
specific area around the column support, so-called punch-
ing pyramid [12-16]. While there are more significant
factors, that may have an influence on punching resis-
tance like amount of flexural longitudinal reinforcement
distributed within the support zone, bending moment and
shear force transfer between slab and column, span to
slab depth ratio, slab thickness and column depth ratio,
etc.

The model of slab-column connection is presented
and the features of the proposed formulation of non-lin-
ear 3D numerical analysis are discussed which can accu-
rately simulate the case of punching shear behaviour,
visualise crack pattern and strain-stress distribution in-
side the slab-column connection and finally take this
mechanism for evaluation of analytical design equation.

3. Experimental and analytical study

Theoretical and experimental investigation of the flat
slab to column connection model was performed at
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VGTU Reinforced Concrete Structures Research Labo-
ratory [11]. The objective of these investigation was as
follows: to perform comparative analysis of slabs over-
lay punching shear strength calculation according to de-
sign norms used in Lithuania and neighbouring countries
as well as Eurocode [12], to determine the main factors
that condition this index and to perform experimental
study on slabs punching shear as well as to compare the
results with theoretical ones.
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Fig 1. General view of the slab specimen (inverted)

The effect of longitudinal reinforcement ratio on
punching shear behaviour in the tension area was
analysed. Two series of similar rectangular slab series
(PL I - 4 specimens and PL II — 5 specimens) were tested.
Dimensions of the specimen are illustrated in Fig 1. The
slabs were reinforced by mesh only in the upper area
(under tension) using the following reinforcement ratios:
p= 0 (check specimen), p = 0,4, p = 0,5, p =1,0,
p = 2,0. The concrete strength of the 1st and 2nd speci-
mens series respectively was as follows: cubic
Semeue = 39,85 MPa and f = 32,11MPa; prismatic

cm,cube

fon = 29,1 MPa it f, = 23,7 MPa.

Table 1. Comparision of experimental and analitical results

Punching shear .
resistance, kn Ratio
Series | Reinf | Exp By By V.. V.
No ratio | data | STR | EC2 v L v :
[12] [13] [14] LISTR | ~ EC2
Vexp VLlSTR VECZ
PLI-1 0,0 79,2 - - - -
PLI-2 0,4 150 125,4 | 1484 1,19 1,01
PLI-3 0,5 170 134 152,3 1,27 1,12
PLI-4 1,0 190 160 188,8 1,19 1,01
PLI-5 2,0 255 188 221 1,36 1,15
PLII-1 | 0,0 69,6 - - - -
PLII-2 | 04 140 116,7 | 138,1 1,20 1,01
PLII-3 | 0,5 160 124,7 | 141,7 1,28 1.13
PLII-4 1,0 180 149 175,7 1,21 1,03

These experimental results have been compared to
theoretical ones (Table 1). The following codes of prac-
tice were used for calculation: Lithuanian national rein-
forced concrete structures design code (project) STR
2.05.05:2004 [16] and Eurocode EC2 final case [12]. In
the project of Lithuanian code it is proposed to apply
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EC2 calculation methodology, but the inclination angle
of punched pyramid is to be taken not as 26,6° (2,0 d),
but as 33,7° (1,5 d). When calculating theoretical failure
load, the following is valid: y, = 1,0, k = 2,0, f, = f,.,
and 0= 0.

4. Three-dimensional finite element model

Analysis of punching shear failure was applied in
order to simulate numerically behaviour of slab-column
connection and to compare the failure mechanism with
the experimental study and design results. Non-linear
three-dimensional analysis (3D-FEM analysis) was per-
formed using finite element software program MSC Marc
[17-19].

To investigate the effect of longitudinal reinforce-
ment ratio on punching shear behavior, two series of
experimental slab specimens with different reinforcement
ratio, were modeled. Fig 1 shows the experimental speci-
men and numerical model which were identical. The
analytical model was taken as a quarter of the experi-
mental specimen due to its symmetrical support condi-
tions. FE mesh model with boundary loading conditions
is shown in Fig 2 a. Since the corner lift-up of the ex-
perimental specimen was not restricted, the nodal dis-
placement along the support within 100 mm from the
edge was not restricted in vertical direction.

Reinforcing mesh was represented by Rebar FE
placed only in the working area and near the supports
(Fig 2b). Because concrete is mostly used in conjunc-
tion with steel reinforcement, an accurate analysis requires
consideration of the components forming the composite
structure. Steel reinforcement bars were introduced as

b)

Fig 2. 3D FE slab model with boundary and loading
conditions (a); reinforcing mesh FE model (b)

rebar elements. Rebar finite element was hollow,
isoparametric 4-node membrane in which single strain
members such as reinforcing rods can be placed. The
element was then used in conjunction with the 4-node
membrane to represent bar reinforced composite materi-
als like reinforced concrete. This technique allows the
rebar to be represented accurately with respect to their
stress distribution, so that separate constitutive theories
can be used in each case of material (for example, crack-
ing concrete and yield rebar).

5. Non-linear material model

The choice of adequate material model for numeri-
cal simulation is the most important aspect in FEM analy-
sis method to establish the “right” rules for structure
behaviour. Concrete is a complex composite material with
expressed non-linear response under loading conditions.
The material model used for the analysis is described
below.

MSC.Marc can handle concrete and other low-ten-
sion material models. The concrete model was a three-
dimensional, rate-independent model with a bounding
surface [20-22]. The model adopts a scalar representa-
tion of the damage related to the strain and stress states
of the material. The bounding surface in the stress space
shrinks uniformly as the damage due to strain softening
and/or tension cracks accumulates. The material param-
eters depend on the damage level, the hydrostatic pres-
sure, and the distance between the current stress point
and the bounding surface.

Analytical procedures that accurately determine
stress and deformation states in concrete structures are
complicated by several factors. Two such factors are the
following: the low strength of concrete in tension that
results in progressive cracking under increasing loads;
the non-linear load-deformation response of concrete
under multi-axial compression. The stress-strain relation-
ship for short-term uniaxial compression loading was
based on EC2 accepted concrete model specifications
[16]. A typical uniaxial stress-strain diagram is shown in
Fig 3.
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Fig 3. Concrete stress-strain relationship
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The material properties of both analytical empirical
and numerical calculations are shown in Table 2

Table 2. Material properties for analysis

Concrete Reinforcement
fox (MPa) | 20 25 | fu (MPa) | 390
Jek.cube (MPa) 25 30 | fw (MPa) | 360
fem (MPa) 28 33 Egn (GPa) | 210
e (MPa) | 2.2 2.6
E.p (GPa) 30 31

6. Numerical analysis results and discussion

Numerical analysis results of punching shear strength
of slab-column connection are shown in Fig 4 in com-
parison with the experimental data. Good agreement be-
tween the experimental and analytical results is to be
indicated. The difference between analytical peak loads
and experimental one for low and medium range of rein-
forcement ratio lies within the limits (+)3 - (-)11 % for
the first and (+)3 - (-)6 % for the second specimens se-
ries.

Force, kN

300.00

250.00 1

200.00 = —

150.00 — =

100.00 il .

50.00 = = H

0.00 = — —

0,0 0,4 0,5 1,0 20 p, %

O Experimental data (series 1)
EMSC.MARC (series 1)

W Experimental data (series 2)
W MSC.MARC (series 2)

Fig 4. Numerical analysis and experimental results of slab-
column connection punching shear load bearing capacity

6.1. Load—displacement relationship

Fig 5 shows a typical deformed shape and Fig 6 a
load displacement curve of numerical model during the
loading history. The peaks and drops of punching force
show the appearance and development of shear cracks
which were indicated in early stages of loading (about
50 % of load bearing capacity). General trend of a big-
ger stiffness of numerical model, which led to bigger
punching shear strength in comparison with experimen-
tal data should be accepted.

6.2. Stress distribution and failure process

Fig 7, in addition to damage process description,
shows the failure stress distribution along depth and width
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Fig 6. Load—displacement diagram of analytical model

of the specimen model. The crack pattern observed dur-
ing numerical modelling was specific for punching shear
failure mode because diagonal cracks spread from load-
ing plate to the bottom. It was established that at first
bending cracks in tension zone (bottom surface) of the
slab initiate and propagate, forming the crack area simi-
lar to concentric circle (Fig 8 a). After that crack area
reached the upper surface of slab and crack planes start
to appear around the loading plate (Fig 8b). Finally crack-
ing occurs around the loading plate and failure occurs
with the reduction of load (Fig 8c).

Limit yield stress was achieved in reinforcement
before the failure (Fig 7). Clear bending effect in com-
bination with the punching shear failure mechanism was
established. It is obvious that tensile reinforcement plays
a significant role in the behaviour of slab-column con-
nection subjected to punching force.

7. Conclusions

Non-linear finite element analysis based on advanced
3D models can be effectively used for the simulation of
a real behaviour of reinforced concrete structures; it al-
lows to perform virtual testing of structures and explore
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a)

b)

©)

Fig 7. Stress distribution in concrete body in 3 a, 22 b,
50 ¢ loading iterations

Fig 8. Stress in tension reinforcement before failure

their behaviour under load and other effects under dif-
ferent conditions.

It is very important that before a practical applica-
tion the FEM analysis methods should be verified and
validated comparing the analysis results with reliable
experiment data.

The choice of adequate material model for numeri-
cal simulation is the most important aspect in FEM analy-
sis method to establish the “right” rules for structure
behaviour.

Good agreement between numerical analysis results
of punching shear strength of slab-column connection
model and experimental data is to be indicated. The dif-
ference between analytical peak loads and experimental
one for low and medium range of reinforcement ratio
lies within the limits (+)3 - (—)11 % for the first and
(+)3 - ()6 % for the second specimens series.

It was established that at first bending cracks in ten-
sion zone (bottom surface) of the slab initiate and propa-
gate, forming the crack area similar to concentric circle.
After that crack area reached upper surface of slab and
crack planes start to appear around the loading plate.
Finally cracking occurs around the loading plate and fail-
ure occurs with the reduction of load.

Clear bending effect in combination with the punch-
ing shear failure mechanism was established. It is obvi-
ous that tensile reinforcement plays a significant role in
slab-column connection behaviour subjected to punching
force.

It can be assumed that suggested and validated ad-
vanced FEM 3D analysis model is suitable and reliable
research tool for further detailed numerical investigations
of reinforced concrete slab-column connection behaviour
for punching shear.
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