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Abstract

The excavated building pit is a frequently used building technique during the construction
of structures below ground level. A temporary structure of sheet piles and underwater
concrete is designed to retain soil and water. Ribbed tension piles are driven before con-
creting the water retaining slab. These tension piles compensate the hydrostatic pressure
after de-watering of the construction pit. The water retaining slab is often not used as a
structural member during exploitation due to the relative inaccurate process of concreting
below groundwater table and the associated risks. A structural concrete slab is poured in
top of the water retaining slab. Generally, the top of the foundation piles are crushed before
concreting the structural slab. The uncovered pile reinforcement is combined with the slab
reinforcement which results in a monolithic floor with an optimal connection between slab
and pile. During some construction projects it is desirable to avoid pile head crushing for
economic reasons or to prevent the stray current phenomena. Stray current is a flow of
electricity through the ground due to imbalances in electrical rail systems. The presence of
stray current can cause accelerated metal corrosion, because the electrical flow causes the
metal to break down into its ions and enter the ground. The concrete cover around the pile
reinforcement avoids this phenomena.

The question that arises is to what extend does the partly penetrated foundation pile in-
fluence the punching shear behaviour of the structural slab when the pile is loaded in com-
pression during the exploitation phase. Punching shear is a phenomenon in concrete slabs
caused by concentrated support reactions, inducing a cone shaped perforation starting from
the surface of the slab. Punching shear is a brittle and undesirable failure mode because of
the absence of structural warning before failure. The Dutch CUR 77 design code approach
with respect to punching shear verification for underwater concrete slabs assumes tensile
forces during the construction stage. This is the stage corresponding to an empty build-
ing pit when the foundation piles compensate the hydrostatic pressure. This design code
doesn’t include an approach in case the piles are loaded in compression after the complete
construction is built. The same holds for the Eurocode 2 design approach for structural
slabs, which assumes that the support reaction applies at the surface of the slab. This is
not the case when the foundation pile partly penetrates the structural slab. The lack of a
clear design approach causes a structural debate about this complex problem.

At the heart of this debate lies the problem of the effectiveness of the present ribs and the
associated punching cone perimeter. In other words, what becomes the effective depth of
the slab in case of a partly penetrated ribbed foundation pile. Is it the total depth from slab
surface to slab bottom or only the depth between the slab surface and pile head? The size
of the punching cone perimeter is highly important because it determines the slab resistance
against this failure mode.
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In order to investigate the punching shear behaviour, simulations by nonlinear finite element
analyses have been performed using the software atena developed by Ĉervenka Consulting.
Initially, conducted experiments were simulated in order to validate the modelling technique.
This chapter focuses on the numerical simulation of the contact area between the slab and
the ribbed pile. The contact area is modelled with interface material, based on the Mohr-
Coulomb failure criterion for shear planes. The FEM analyses showed good agreement with
the conducted experiments regarding to crack propagation which induces punching shear.

A fictitious case study of a unreinforced concrete slab element with a partly penetrated
ribbed pile was analysed in the present work. The case study is made up of a number of
subsequent modelling steps to investigate each influence separately. The case study starts
with a parameter study to investigate the influence of the shear transfer capacity from slab to
pile on the punching behaviour. The maximum allowable shear stress depends of a cohesion
parameter and a coefficient of friction parameter. Various combinations of both parameters
are investigated with respect to the punching shear behaviour. A clear distinction in failure
behaviour is observed between a friction coefficient of 1.0 and 1.4. Up to a friction coefficient
of 1.0, the critical shear crack propagates from pile head towards the slab surface which in-
dicates that only the top part of the slab is responsible for punching shear resistance. From
a friction coefficient of 1.4 the critical shear crack propagates from slab bottom towards
slab surface, which indicates that the full slab height is active in punching resistance. This
change in punching cone size results in a failure load which is more than twice as high. No
significant increase of failure load is observed during analyses with different cohesion values.

The second step consists of adding reinforcement to the initial model. The influence of both
bending and shear reinforcement is analysed with respect to the punching shear resistance.
The influence of bending reinforcement was neglectable due to the limited slab deflections.
The limited deflections are the result of the low slab slenderness which implies high bending
stiffness. However, the influence of shear reinforcement was significant. For friction coeffi-
cients from 0.0 to 1.0, the failure load increased with a magnitude of roughly four compared
to the failure load without shear reinforcement. An increase of roughly two is observed for
friction coefficients of 1.4 or greater. Also a change in failure behaviour is observed during
the analyses with shear reinforcement. For friction coefficients of 1.0 or greater, the brittle
punching behaviour changes into ductile flexural behaviour. This is highly desirable because
large structural deflections insinuates an upcoming failure.

The last step consists of adding non symmetry to the initial model. A non symmetric load
condition is introduced by removing one of the two supporting plates. The results show a
slight increase of the slab capacity of about 4%. The slight increase is the result of increased
compression stresses at the bottom side of the foundation pile. This has a positive influence
on the shear stress resistance of the contact area with respect to the Mohr-Coulomb friction
law.

Although full scale laboratory tests are needed to verify the numerical results, the recom-
mendation for practical use is that for structural slabs provided with shear reinforcement
and a foundation pile with at least two ribbed sides, a fully punching cone develops.
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Chapter 1

Introduction

1.1 Background

The excavated building pit is a frequently used building technique during the construction of
structures below ground level. A temporary structure of sheet piles and underwater concrete
is designed to retain water and soil. The construction pit is ready for excavation after all
sheet piles are driven to the required depth. In case of deep excavations, temporary struts
or anchor tie rods are applied to reduce the horizontal deformation of the sheet pile wall. In
areas with a high groundwater table, the construction pit will be flooded by groundwater
during the excavation. In order to work in a dry environment and to prevent continuously
pumping of water, the bottom of the pit is provided with a concrete layer to resist the
hydrostatic pressure. This water retaining slab is poured with the presence of a flooded
building pit and is for that reason often called underwater concrete. In case of an empty
excavation pit, the dead weight of the concrete slab is often not enough to be in vertical
equilibrium with the hydrostatic pressure resulting from the groundwater. Hence tension
piles are driven before concreting the slab. The downward orientated pile force and the dead
load of the concrete layer compensates the hydrostatic pressure.

Tension piles are characterised by an internal or external ribbed top section. These ribs
have the function to withstand tensile stresses and to stimulate the load transfer from the
concrete slab to the pile. The number of ribbed sides depends on the manufacturer and
wishes of the client. From practical point of view commonly three sides are ribbed. Usually,
the manufacturer fabricates foundation piles in horizontally orientated steel moulds. After
concreting the pile, it is more convenient to smooth the top surface.

After concreting the water retaining slab, the construction pit is ready for de-watering. The
hydrostatic pressure acting on the bottom of the concrete layer is equal to the height of
the reduced water column. During de-watering, tension piles compensate the weight of the
pumped groundwater. The piles transfer the tensile forces by friction to the surrounded soil.
Due to the relative inaccurate concreting process below water table and the associated risks
like water-bearing cracks, the unreinforced slab is usually not used as a structural member
in the exploitation phase. In this case it is necessary to concrete a structural slab with
reinforcement on top of the underwater concrete. Generally before concreting, the top of
the ribbed pile is crushed. The uncovered pile reinforcement is bent and included into the
slab reinforcement. The result is a monolithic floor with an optimal connection between the
slab and foundation pile.
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Figure 1.1(a) shows an example of uncovered reinforcements after pile head crushing. Fig-
ure 1.1(b) shows a close-up of pile reinforcement combined with slab reinforcement. In this
case the pile and slab are fully connected to ensure structural integrity.

(a) Uncovered pile reinforcement [49] (b) Pile reinforcement combined with slab rein-
forcement [54]

Figure 1.1: Crushing heads of prefabricated piles

During certain construction projects it is desirable from economical, environment and/or
social point of view to avoid pile crushing. The benefits for using not crushed piles are:

1. Economically:

- shorter piles necessary (saving in material costs);

- reduction in transportation costs;

- time saving due to the absence of pile cutting;

- cost saving due to the absence waste material;

- prevention of stray current phenomena.

2. Environmentally:

- reduction of needed raw materials;

- no disturbance due to vibrations;

- no disturbance due to noise;

- no disturbance due to dust;

- no waste material.

3. Socially:

- no labour at difficult accessible locations;

- no labour intensive work (vibrations, noise, dust).

Stray current is a flow of electricity through the ground due to imbalances in electrical rail
systems. The presence of stray current can cause accelerated metal corrosion, because the
electrical flow causes the metal to break down into its ions and enter the ground. The con-
crete cover around the pile reinforcement avoids this phenomena.

The question that arises is to what extend does not crushing the pile head influence the
overall structural integrity. This thesis focuses on one special failure mechanism which is
called punching shear failure. Special attention is paid to the role of the ribs in this failure
mechanism.
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1.2 Punching shear phenomenon

A critical point in slabs is the bearing capacity around concentrated forces like foundation
piles and columns. The combination of relative high shear forces and bending moments may
cause failure. Although this is a highly localised mechanism, it could cause failure of the
total structure due to the increase of shear forces in other structural members. Figure 1.2
shows an example of a partial collapsed car park due to punching shear failure.

(a) Punching shear failure (b) Partial collapse of top deck

Figure 1.2: Piper’s Row Car Park, Wolverhampton, UK, 1997 [55]

Punching shear failure is characterised by a truncated-cone-shaped element that appears
after failure. The shape of this element is the result of the interaction between shear stresses
and bending stresses around a concentrated load. Punching shear failure is a local mech-
anism and is associated to a brittle failure. Brittle failure implies a failure mechanism
without any structural warning in the form of large displacement or visible crack formation.
This makes punching shear a dangerous phenomenon. Punching shear failure occurs only
in elements carrying bending moments and shear forces in two directions. For this reason,
punching shear is called two-way shear.

Two different crack propagations can be distinguished during the crack development until
punching failure. Figure 1.3(a) presents the crack pattern caused by pure shear stresses,
and Figure 1.3(b) presents the crack pattern corresponding to flexural stresses.

(a) Circular cracks (b) Radial cracks

Figure 1.3: Schematic presentation of different crack patterns for a column
loaded in compression [50]
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Tangential cracks occur at a distance from the load application point and propagate in
the tangential direction. These tangential cracks are induced by high radial moments, mr.
Tangential cracks are equivalent to flexural cracks in one-way shear slabs. Radial cracks
start close to the column face and propagate in direction of the edge of the slab. These
cracks are induced by tangential moments, mϕ. Radial cracks and tangential moments are
not found in one way shear structures. Both radial and tangential cracks start on the tensile
side of the slab. The response of a concrete slab is strongly related to the crack development.
S. Guandalini [25] described the crack development as a process which can be separated into
four phases:

1. the linear elastic phase;

2. the phase of flexural response;

3. the phase of shear resistance;

4. the post-punching failure phase.

During the first phase no cracks are developed yet. The slab behaves linear elastic, so the
tensile strength nor the compressive strength of the concrete are reached. After removing
the applied load, the slab returns to its initial state. The slab response during this phase
can be analysed with the elastic bending theory. This phase ends when the first crack arises
which corresponds to the cracking load Fcr.

The second phase is initiated when the first flexural crack appears. This crack is a tangential
crack located at top surface along the circumference of the column, see Figure 1.4(a). Under
increasing load, radial cracks begin to from at the perimeter of the column and spread out
toward the edge of the slab. This phase is completed once the first tangential crack is a
stress-free crack.

After phase 2, the behaviour of the slab changes and shear resistance is mobilised. This shear
behaviour is characterised by inclined cracks across the slab thickness. The shear resistance
is not only influenced by the concrete strength but also by the shear reinforcement and the
dowel action. During this phase, few new flexural cracks form, see Figure 1.4(c). However,
existing cracks open and sudden unite into a single crack which is the punching crack. This
is the end of the shear resistance phase.

Suddenly, a truncated-cone-shaped element punches through the slab, see Figure 1.4(c).
This failure crack appears at the same time as failure occurs. At failure, a cone is separated
from the rest of the slab along the punching cracks and penetrates through the slab.

(a) Phase 2 (b) Phase 3 (c) Phase 4

Figure 1.4: Punching shear crack development, viewed from tensile face [25]
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The punching shear strength of a slab depends on aspects like the slab height, span distances,
loaded area, concrete strength and the amount of reinforcement. Openings and asymmetric
spans influence the punching shear strength negatively. Punching shear failures are unde-
sirable modes of failure since they give almost no warning and have disastrous consequences.

Figure 1.5 presents a clear visualisation of a punching cone element. The element appeared
after punching shear tests on concrete footings conducted by M. Hallgren, S. Kinnunen and
B. Nylander [36].

Figure 1.5: Photos of a punching shear cone observed during experiments con-
ducted by M. Hallgren et al. [36]

The Eurocode 2 [10] design code for punching shear verification is based on concentrated
forces acting on top side of a concrete slab. This code accounts for the full slab height in
its verification expression, see Figure 1.6(a). The dotted line represents the fictitious shear
plane angle which differs per country. The difference in shear angle between countries em-
phasise the variety of opinions about the occurring punching cone perimeter. Design codes
for structural slabs are not clear about the effective slab height in case the concentrated
force penetrates partly into the slab, like the situation of a penetrated foundation pile, see
Figure 1.6(b). The question is which punching will occur.

(a) Failure cone according to Eurocode 2 [10] (b) Discussion about possible failure cones

Figure 1.6: Representation of punching shear cones, loaded in compression

The same uncertainty counts for the Dutch design code CUR 77 [14] for underwater concrete
verification. This code includes a punching shear verification for ribbed piles. This punching
shear verification is based on foundation piles loaded in tension which is the case during the
construction phase. The code doesn’t include a verification method in case of compression
forces during the exploitation phase.
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1.3 Objective

The lack of a clear design approach causes a structural debate about this complex problem.
That is something this thesis must change. So the objective reads:

A study into the punching shear behaviour of structural slabs on top of ribbed foundation
piles loaded in compression.

The objective includes the question which punching cone element will occur, the small cone
or the large cone shown in Figure 1.6(b). In order to find the answer, the study follows the
next approach:

- a study into a legitimate numerical model to simulate the contact area of a ribbed pile
and structural slab;

- a study into the influence of the pile - slab connection on the punching failure be-
haviour;

- a study into the influence of both bending and shear reinforcement on the punching
failure behaviour;

- a study into the influence of the number of ribbed sides;

- a study into the influence of non symmetric load conditions on the punching failure
behaviour.

1.4 Thesis outline

Chapter 1 includes a brief introduction to the punching shear failure phenomenon and the
importance of this study.

Chapter 2 presents the relevant background information for a better understanding of the
remaining thesis. This chapter consists mainly of various experimental and analytical stud-
ies.

In addition Chapter 2 presents several punching verification codes and the shear capacity of
multiple concrete surface categories.

Chapter 3 includes a brief introduction to the finite element modelling principle. It presents
the implemented numerical solution methods in the program atena.

Implemented material models are discussed in Chapter 4. This chapter is introduced to
provide a brief background of the theory behind the finite element modelling.

Chapter 5 presents a validation study of a proper modelling technique for the contact area
of the ribbed pile and the slab. Conclusions are drawn based on the comparison of numerical
results with various experimental results.

Chapter 6 includes the analyses of the thesis objective. The punching shear behaviour is
investigated based on a fictitious case study. A part of this chapter relates to the influence
of additional reinforcement and the influence of non symmetric load conditions.

In Chapter 7 the conclusions and recommendations are given.
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Chapter 2

Literature review

This chapter describes in general the current state of knowledge about the punching shear
phenomenon. Experimental results together with analytical shear models are briefly dis-
cussed. The goal is to provide sufficient background information to be able to understand
the remaining thesis.

2.1 Experimental studies

2.1.1 Experiment of Elstner and Hognestad

In 1956, Elstner and Hognestad [46] investigated extensively the behaviour of relatively thin
reinforced concrete slabs. They tested 1830 mm2 slabs, supported at the four edges and
loaded up to failure by using a centrally located column, see Figure 2.1.

Figure 2.1: Setup of punching experiment Elstner and Hognestad [46]

The influence of the percentage of flexural reinforcement is illustrated in Figure 2.2(a) where
the response curves are presented. The geometry of the tested slabs is left unchanged. In
addition, along the response curves the load value Pyield is indicated, for which the first
yielding of the reinforcement is measured on strain gages.
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It is observed that slabs with a high percentage of reinforcement fail without warning, the
so-called brittle failure.

This leads to the definition of two types of failure:

1. flexural failure, which is characterised by a rapid increase of the deflection for a slight
increase of load;

2. punching failure, which characterised by a sudden failure along an inclined crack.

The influence of the concrete strength has been examined as well. This by varying sys-
tematically the compressive strength of concrete. In Figure 2.2(b) the response curves are
represented, again without any change in slab geometry. The punching load increases from
355 kN to 546 kN with increasing concrete strength. The stiffness of the response is also
increased. For slabs made of low compressive strength concrete, it is not possible to observe
any yielding of the reinforcement because the punching shear failure occurs first.

The variable w and P at both axes from Figure 2.2 relates respectively to the relative ver-
tical displacement measured at the edge of the tested slabs and the punching shear force.

(a) Different percentage of reinforcement (b) Different concrete strength

Figure 2.2: Results experiment of Elstner and Hognestad [46]

In case of a low reinforcement ratio, the strength of the slab is limited by its flexural
capacity and punching failure occurs only after large plastic deformations. For intermediate
reinforcement ratios, some yielding of the reinforcement is present, but punching occurs
before yielding of the entire reinforcement. In this case, the strength of the slab is lower
than its flexural capacity. For large reinforcement ratios, punching occurs before any yielding
of the reinforcement takes place. In this case, the strength of the slab is lower than its flexural
capacity.

2.1.2 Experiment of Bollinger

In 1985, Bollinger [7] investigated the behaviour of concrete slabs provided with different
ring reinforcement layouts. The tested slab shown in Figure 2.3(a) was reinforced by con-
centric rings, placed at the boundary of the slab only. A second experiment is performed
with an additional ring reinforcement in the critical region.

The experimental results shown in Figure 2.3(c) shows the role of the critical shear crack in
punching shear strength of slabs. With a reinforcement layout like Figure 2.3(a), only radial
cracks developed and the formation of circular cracks in the critical region was avoided. The
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results of the second experiment with an additional ring reinforcement shows a decrease of
the punching shear strength. For this test, the presence of the additional ring initiated the
development of a crack in that region. The parameter ψ used in Figure 2.3(c) represents
the vertical slab rotation with respect to the slab surface.

(a) Layout 1

(b) Layout 2
(c) Effect of additional reinforcement in vicinity of critical
shear crack on load-carrying capacity

Figure 2.3: Results experiment of Bollinger [7]

The punching shear strength of the slab with reinforcement layout 1 and layout 2 are re-
spectively 77.1 kN and 44.0 kN. This means a reduction of punching shear strength of
approximately 43%.

2.1.3 Experiment of Kinnunen and Nylander

Kinnunen and Nylander [48] tested circular 150 mm thick slabs, 1840 mm in diameter,
supported along the circumference and loaded on a column stub at the center. The influence
of the reinforcement layout is demonstrated in Figure 2.4. One slab is made with ring
reinforcement and the other is made with orthogonal reinforcement.
The overall behaviour of the two slabs are similar except for little differences like the shape
of the punching shear crack and the crack pattern, shown in respectively Figure 2.4(b) and
Figure 2.4(c).

It is observed that the shape of the punching crack is more inclined for the slab with ring
reinforcement compared to the slab with orthogonal reinforcement. Besides the difference
in the reinforcement layout, the percentage of reinforcement differs as well. These two dis-
similarities results in a different shape of the punching crack.

In the slab with ring reinforcement, the tangential and the radial cracks can clearly be
distinguished. The crack pattern of the slab with orthogonal reinforcement does not follow
the tangential and radial geometry but looks more like a net, especially in the area near the
column.
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(a) Overview of the slabs

(b) Punching shear crack

(c) Crack pattern at top side

(d) Deflection of top side

Figure 2.4: Results experiment of Kinnunen and Nylander [48]

The differences in crack patterns is explained by the fact that the state of stress in the slab
with ring reinforcement is polar-symmetrical. Unlike the ring reinforcement, orthogonal re-
inforcement results in a state of stress that is orientated to the direction of the reinforcement.
This direction results in a bi-directional stress state, which causes a different crack pattern.

The deflection of the top of the slab is also different between the two experiments as shown
in Figure 2.4(d). For slabs with ring reinforcement less deflection is observed compared
to the slab with orthogonal reinforcement. These difference in deflection illustrates that
ring reinforcement inside the punching cone is stiffer than orthogonal reinforcement. This
difference is caused by the dowel action of the reinforcement cutting across the punching
shear crack. Dowel action is defined as a shear transfer mechanism between concrete and
reinforcement where highly localised state of stress is observed [9]. For a slab made of
orthogonal reinforcement, the punching shear crack intersects several reinforcement bars,
whereas the other slab the punching crack intersects no bars.

2.1.4 Experiment of Ka Lun Li

In 2000, K. Ka Lun Li [35] published a master thesis about the influence of size on punching
shear strength failure of concrete slabs. The response of six two-way slab specimens, which
were designed such that they would fail in punching shear, are investigated. The parameter
introduced in the experiments is the thickness of the slab. The effects of this parameter on
the shear strength is studied.

Six slab specimens are tested with an overall slab thickness h varying from 135 mm to
550 mm, while their widths varied from 925 mm to 1950 mm. The reinforcement was dis-
tributed uniformly along the width of the specimens. The specimens are numbered according
to their effective depth e.g. specimen P100 corresponds to an effective depth of 100 mm.

Figure 2.5 consists of a table with a summary of the experimental results and a corresponding
graph. It is observed that all specimens failed in punching shear.
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From Figure 2.5, it can be seen that for effective depths up to 200 mm, the failure stress
is relatively constant with a small increase. After a thickness of 200 mm the shear stress
decreases as the effective depth increases. It is evident that for this test series, there is a
significant size effect for effective depths greater than about 200 mm.

Specimen Vmax V/b0 d

[kN] [N/mm2]

P100 330 2.76

P150 583 2.78

P200 904 2.83

P300 1381 2.32

P400 2224 2.00

P500 2681 1.68

Figure 2.5: Results experiment of Ka Lun Li [35]

2.1.5 Experiment of Braam, Bosman and Van Rhijn

In 2004 C.R. Braam, A. Bosman and A. van Rhijn [16] performed a study into the failure
behaviour of ribbed concrete piles embedded by a concrete slab under the action of tensile
loading. The used concrete piles are prefabricated with internal or external ribs on two sides
of the pile, the other two sides remained plane.

Figure 2.6 shows the result of the pull-out test of an external ribbed foundation pile (speci-
men number 2-1). It’s clear to see that also when the pile is embedded into a slab, the typical
cone shaped element appears after failure. This experiment confirms the expectations that
the added application of ribbed sides have a positive effect on the shear strength along the
pile face.

Figure 2.6: Punching shear cone element after failure [16]

Table 2.1 contains the geometry of all punching cones after failure. The crack slope α is
the average value of the left and right slope per cross-section. The slopes α1 and α2 are the
slopes in respectively the R1 and R2 direction. The ribbed sides are orientated in the R1

direction and the plane sides are orientated in the R2 direction.
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Specimen Rib geometry Diam. in R1 Diam. in R2 Slope α1 Slope α2

[m] [m]

1-1 minimum 1,70 1,50 26◦ 30◦

1-2 internal 1,20 1,20 29◦ 32◦

2-1 minimum 1,60 1,45 29◦ 32◦

2-2 external 1,65 1,35 27◦ 33◦

3-1 maximum 1,75 1,35 26◦ 33◦

3-2 internal 1,55 1,25 29◦ 36◦

Table 2.1: Diameters and the average internal crack slopes

During the determination of the cone diameter, the top part of 150 mm is not taken into
account. This due to the fact that the slope at this point decreases rapidly. This decrease
in slope may cause local rupture at the end of the punching cone. This local rupture hap-
pened to the left part of the cone from Figure 2.6. The authors expect that this small local
rupture will not have a significant influence on the pull out strength and that this is not
representative for the slope of internal cracks.

The results from Table 2.1 show that the influence of internal ribs and external ribs seems to
make no difference on the crack slopes α1 and α2. All diameters and slope angles are in the
same order of magnitude. Otherwise, the length of R1, orientated along the ribbed sides, has
in almost all the experiments a higher magnitude compared to the magnitude of R2. This
leads to the conclusion that the ribbed sides do have a better shear behaviour compared
to the plane sides. It is noticeable that also the plane sides benefit from the ribbed sides,
despite the fact the crack angle is steeper, the plane sides account for a large extend in the
failure strength. The experiment with maximum internal ribs shows a larger distinction in
results between the sides with and without ribs.

The results of all the pull out tests are shown in Table 2.2, together with the theoretical
failure load according to CUR 77 [14].

Specimen Rib geometry fctm,o Fu experiment Fu theory Ratio

[MPa] [kN] [kN] [-]

1-1 minimum 2,90 2483 374 6,6

1-2 internal 2,30 2373 297 8,0

2-1 minimum 2,50 2399 323 7,4

2-2 external 2,40 2329 310 7,5

3-1 maximum 2,30 2421 320 7,6

3-2 internal 2,15 2179 299 7,3

Table 2.2: Failure load comparison based on experimental data and the theory

The theory underestimates the capacity of all pull out tests significantly. In general, the
experimental capacity is more than seven times the theoretical capacity. This statement
requires a remark. After reaching the failure load, a fully developed cone element appeared.

12



Chapter 2. Literature review

A likely conclusion is that a pile with ribs at all sides would not increase the pull out strength
significantly, while the failure load of the theoretical approach is twice as high. What remains
is that the experiment/theory ratio is still about a factor three to four. Another aspect is
the presence of a prestressing force during the experiment. The CUR 77 verification code
doesn’t include a prestressing factor. It is expected that this resulted in increased pull out
forces.

2.1.6 Discussion

Based on the analyses of the experiments given in section 2.1, several parameters can sig-
nificantly influence the shear capacity of structural slabs. The most important parameters
are mentioned in this section.

Increasing the flexural reinforcement has significant positive effects on the punching shear
capacity, see section 2.1.1. This experiment shows that changes in the amount of reinforce-
ment has also major consequences for the behaviour of the total mechanism. The degree
of yielding at failure ranged from none for slabs with a high reinforcement ratio, to prac-
tically full yielding for slabs with low reinforcement ratios. In other words, the ductility
decreases by higher reinforcement ratios. Increasing the amount of reinforcement makes the
mechanism more stiff and decreases the vertical displacement of the slab. The layout of the
reinforcement bars is an important aspects as well, shown in section 2.1.2.

Also the concrete compressive strength is an important factor in the punching strength. As
the concrete compressive strength increases, the punching shear capacity increases as well,
as shown in Figure 2.2(b). In 2008, Metwally et al. [28] proposed that the increase of ca-
pacity as function of the compressive strength is less than the rate of

√
fc as introduced by

the ACI 318-08 code [1]. Metwally et al. found an increase in the order of 3
√
fc as included

in the EC 2 [10] code expression.

The size-effect in punching failure was revealed with the experiments performed by Ka Lun
Li in section 2.1.4. This experiment shows that the nominal stresses of a relative thin slab is
higher compared to the nominal stress of a relative thick slab. Another experiment carried
out by Bažant and Cao [56] concluded the same size-effect phenomenon. This experiment
also studied the behaviour of the slab after reaching the peak load. A thick slab shows little
softening after reaching the peak, whereas a thin slab exhibits an softening response after
the peak. The load-deflection curve of a thin slab is similar to an elastic perfectly plastic
behaviour, while the curve of a thick slab looks like a direct tension test. Bažant and Cao
concluded that the behaviour of a thick slab being brittle is related to linear elastic fracture
mechanics, while the thin slab behaves more close to the plasticity theory.

13



Chapter 2. Literature review

2.2 Analytical studies

Different punching shear models are proposed in the past years, all with a different approach.
The analytical model of Talbot [5], Kinnunen and Nylander [48], Nielsen [42] and Muttoni [4]
are briefly discussed. This section will give a clear view of the differences in analytical
approaches.

2.2.1 The model of Talbot

In 1913 Talbot [5] proposed a model to determine the punching shear strength of slabs. The
model of Talbot is also known as the control surface model. This simplified model is based on
the definition of the nominal shear stress, which is calculated by dividing the punching load
by the circumferential surface of the element. The strength of the concrete slab is verified
by comparing this nominal shear stress with a reference shear stress which depends on the
characteristic properties of concrete.

Figure 2.7: The analytical model of Talbot [5]

The area of this cylinder is highly discussable and has been the subject of some debate.
The different points of view on the diameter are discussed in section 2.3. In most codes the
diameter of the perimeter is a function of the effective depth of the slab. The effective depth
is defined as the distance from the centroid of the reinforcement to the compression face of
the concrete. The control perimeter of the cylinder is defined with parameter u. In case the
punching load concerns a circular shaped column, like Figure 2.7, the nominal shear stress
introduced by Talbot becomes:

τn =
F

ud
=

F

π(2 r + d) d
(2.1)

Where τn = nominal shear stress [N/mm2]

F = load [N]

u = control perimeter [mm]

r = radius column [mm]

d = effective depth [mm]

This model is based on the assumption of a constant nominal shear stress over the slab
height. Further extension of this model is possible by introducing empirical factors which
depend for example on the amount of longitudinal reinforcement, slab geometry and shape
of the column.
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2.2.2 The model of Kinnunen and Nylander

The derivation of this model is based on the 61 experiments performed in 1960 on circular
slabs with circular columns [48]. The results of these tests are discussed in section 2.1.3.
The observations of these tests, especially the formation of shear cracks, the deformations
and the expansion of the concrete and reinforcing bars are important fundamentals of their
theory.

The theory is based on the fact that in statics all forces on a single element are in equilibrium.
A small slice is cut out from the slab and is represented as a stiff sector. The rigid segment
is limited at the sides by two radial cracks and at the front by a tangential shear crack. This
segment turns around a centre of rotation located at the the root of the tangential crack.
The failure criterion is defined by the ultimate shear expansion of the concrete at the bottom
of the slab. The theory is from origin derived for concrete slabs with ring reinforcement and
is expanded to slabs with flexural reinforcement by introducing a correction factor κ to
compensates the dowel action. In case a rectangular column is used, the circumference must
be transposed into the corresponding circumference of a circular column.

(a) Equilibrium of a rigid segment (b) Location of rotation centre RC

Figure 2.8: The analytical model of Kinnunen and Nylander [48]

To get the predicted ultimate punching load of concrete slabs without shear reinforcement,
equation 2.2 and equation 2.3 have to be set equal by an iteration on the ratio of the concrete
compression zone kx. Equation 2.2 for the determination of Vu, is derived by setting ΣV = 0.
It is noticeable that this equation depends on the ultimate concrete stress σcu.

Vu = κπ η d2 kx

1 +
2 kx
η

1 +
kx
η

σcu

(
tanα(1− tanα)

1 + tan2 α

)
(2.2)

Where Vu = ultimate shear force [N]

κ = correction factor for dowel action [-]

η = size factor [-]

d = effective depth [mm]

kx = ratio of concrete compression zone [-]

σcu = ultimate concrete stress [N/mm2]

α = inclination of conical shell [◦]

Equation 2.3 depends on the yield stress of the used reinforcement bars, the ratio of rein-
forcement and the shape. This equation is derived by making use of moment equilibrium
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ΣM = 0. Three different cases have to be considered in dependence on the location where
the yield stress of the steel is reached. Equation 2.3 is based on the case that the yield stress
is reached inside the area of the conical shell.

Vu = κ 4π ρ fy d rj

[
1 + ln

(
lslab

2ru

)] 1− kx
3

(lslab/d) − η
(2.3)

Where ρ = reinforcement ratio [-]

fy = yield stress reinforcing steel [N/mm2]

rj = radius circular area inside the shell [mm]

lslab = length of the slab [mm]

ru = ultimate shell radius [mm]

So far, the Kinnunen and Nylander model remains one of the best models for the phenomenon
of punching. Recently, Broms [8] and Hallgren [26] proposed some improvements to account
for high strength concrete and size effects. While this proposal led to good results, this
model was never directly included in building codes because its application is too complex.

2.2.3 The model of Nielsen

The analytical model of Nielsen [42] is published in 1976 and is based on the theory of
plasticity. The next basic assumptions are supposed:

1. concrete is a perfectly plastic material;

2. the failure criterion is based in Coulomb’s law, see section 2.4;

3. the concrete tensile strength is very low.

The ultimate punching force is calculated by making use of the law of conversation of energy,
the work performed by the applied loads is equal to the amount of fracture energy of the
conical shell. The shape of the conical shell is described by a straight line and a catenary
shaped line, see Figure 2.9.

Figure 2.9: The analytical model of Nielsen [42]
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This model is set by an iterative variation calculation which gives the factors A, B and
C. Equation 2.4 describes the cracking force of the conical shell element and equation 2.5
describes the cracking force of the catenary shell. The ultimate force Fu is defined by the
summation of equations 2.4 and 2.5:

Vu1 = 0.5π fc d0 (c′′ + d0 tanφ)
1− sinφ

cosφ
(2.4)

Vu2 = 0.5π fc

[
k2 C (d− d0) + k2

(
c′

2

√
c′2

4
− C2 −AB

)
− k3

(
c′2

4
−A2

)]
(2.5)

Where Vui = ultimate shear force, i=1,2 [N]

fc = concrete compressive strength [N/mm2]

d0 = height of equal conical and catenary shell [mm]

c′ = catenary shell diameter [mm]

c′′ = conical shell diameter [mm]

φ = angle conical shell [◦]

ki = material constants, i=2,3 [-]

The assumption that concrete is a perfectly plastic material is a significantly simplification
of the mechanical behaviour of concrete. The ratio of reinforcement is also not considered
in this model.

2.2.4 The model of Muttoni

As shown in Figure 2.2(a), the punching strength of a concrete slab decreases with an in-
creasing slab rotation. This correlation is has been explained by Muttoni and Schwartz [4]
as follows: the shear strength is reduced by the presence of a critical shear crack that prop-
agates through the slab into the inclined compression strut carrying the shear force to the
column.

The experiment performed by Bollinger, see section 2.1.2, emphasises this shear crack the-
ory. The experimental results show the role of the critical shear crack in punching shear
strength of slabs. With a reinforcement layout like Figure 2.3(a), only radial cracks devel-
oped and the formation of circular cracks in the critical region was avoided. The results
of the experiment with an additional ring reinforcement shows a decrease of the punching
shear strength. For this test, the presence of the additional ring initiated the development
of a crack in that region.

The opening of the critical shear crack reduces the strength of the inclined concrete com-
pression strut carrying the shear stress. This reduction eventually leads to the punching
failure. According to Muttoni and Schwartz [4], the width of the crack can be assumed to
be equivalent to the product of the slab rotation and effective depth, ψ d. This assumption
was the base of the semi-empirical failure criterion formulated in 1991 as:

VR

b0 d3
√
fc

=
1

1 +

(
ψ d

4

)2 (2.6)
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Where VR = shear force resistance [N]

b0 = perimeter of critical section [mm]

d = effective depth [mm]

fc = concrete compressive strength [N/mm2]

ψ = slab rotation [rad]

In 2003 Muttoni [40] proposed an improved formulation for the failure criterion. This im-
proved formulation, according to Walraven [52], takes into account the roughness of the
crack and its capacity to transfer shear forces. Two extra parameters are introduced to the
formulation, the maximum aggregate size and a reference aggregate size.

VR

b0 d3
√
fc

=
3/4

1 + 15
ψ d

dg0 + dg

(2.7)

Where dg0 = reference aggregate size [mm]

dg = maximum aggregate size [mm]

Figure 2.10 compares the the results of 99 punching tests [41] with equation 2.7. In this
figure, the slab rotation ψ is multiplied by the factor d/(dg0 + dg) to cancel the effects of
the slab thickness and aggregate size.

Figure 2.10: The analytical model Muttoni [40]
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To enable a punching shear calculation according to equation 2.7, Muttoni [40] proposed a
load-rotation relationship given by the next expression.

ψ = 0.33
L

d

fy
Es

(
Vd

8mRd

)3/2

(2.8)

Where L = axis to axis spacing of column [mm]

fy = yield stress reinforcing steel [N/mm2]

Es = elastic modulus of reinforcing steel [N/mm2]

Vd = design shear force [N]

mRd = flexural capacity of the slab [N]

Equation 2.8 is formulated for intermediate columns. For corner columns the constant 8
needs to be replaced by 2 and for edge columns it needs to be replaced by 4. Equation 2.7
is a bit adjusted to reach a target fracture of 5% and to include a model factor to cover
irregularities in span lengths and disposition of the loading. Also a partial safety factor of
concrete (γc = 1.5) is introduced.

VRd

b0 d3
√
fc

=
2

3γc

1

1 + 20
ψ d

dg0 + dg

(2.9)

The design procedure starts by calculating the factored slab rotation ψd by using equa-
tion 2.8. From that value, the corresponding punching shear strength of the slab (point B
of Figure 2.11) is found by making use of equation 2.9. The design is safe when the strength
obtained by equation 2.9 is larger than the design shear force Vd.

Figure 2.11: Design procedure to check punching shear strength
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2.2.5 Discussion

The analytical model of Talbot is one of the simplest models for punching shear verification.
Cone-shaped-element is replaced by a cylindrical element. The interpretation of the size of
this cylinder depends on the used design code. It is a simple model without any iteration
procedures and therefore introduced in many codes as the basis of the punching verification.

The Kinnunen and Nylander model served as a basis for the Swedisch and Swiss design
codes of the 1960s. While this model is leading to good results, this model was never di-
rectly included in design codes because its application is too complex.

The model of Nielsen is an model with good verification results in case of ultimate punching
forces. Present reinforcement is not taken into account, which is a disadvantage of this
model. The assumption that concrete is a perfectly plastic material is a significantly sim-
plification, and therefore not often used in practise.

The model proposed by Muttoni is an alternative model where the slab rotation is the
leading parameter instead of the maximum shear stress. This model reflects the same
rotation behaviour observed by 99 punching experiments. It is a complex model in case a
maximum punching shear strength must be calculated, because it is an iterative procedure.
There er is simpler method to verify the acting shear force.

2.3 Punching shear verification

Although extensive research has been done on punching shear of slabs, to date there is still
no generally applicable, rational theory. The current building code design procedures are
mainly based on empirical studies [39]. This because punching shear is a three-dimensional
problem and several simplifications are thus generally adopted.

The discussed design provisions are the American Concrete Institute 318-08 (ACI 318-08),
the Eurocode 2 (EC 2), the British Standard 8110 (BS 8110) and the Civieltechnisch Cen-
trum Uitvoering Research en Regelgeving 77 (CUR 77) [1, 2, 10,14].

The ACI 318-08, EC 2 and BS 8110 codes are developed for cases where the applied force,
like a column, acts at the surface of the slab. The CUR 77 is a different code and is used
specially for ribbed foundation piles where the pile face is, fully or partly, embedded by an
underwater concrete slab.

The ACI 318-08, EC 2 and BS 8110 are all making use of the Talbot model, see section 2.2.1
for the explanation of parameters and the background behind this analytical model.

The design codes EC 2 and BS 8110 proposes empirical factors in their design formulas
for estimating the punching shear capacity in slabs without transverse reinforcement. The
EC 2 and BS 8110 expressions are written in terms of the concrete compressive strength, size
effect factor and reinforcement ratio in orthogonal directions. The size effect is defined as
the decreasing nominal shear strength with increasing size of the member [10]. The design
code ACI 318-08 adopts a simpler expression in which the flexural moment reinforcement
and size effect factors are neglected, so the shear strength is assumed to be constant.
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With respect to punching shear in non-axis-symmetrical conditions, theoretical or empirical
approaches usually extend the axis-symmetry formulation by correcting it with a series of
factors. Reworking of the theoretical approach is typically not performed [33]. Asymmetri-
cal conditions could be the result of a non-uniform reinforcement layout, eccentric loading
and/or an asymmetrical slab or column geometry. These additional factors are not included
during the design code study.

2.3.1 ACI 318-08

The ACI 318-08 code considers a critical section located at a distance d/2 from the periph-
ery of the concentrated load. The shape of the perimeter depends on the geometry of the
column and is rectangular for rectangular columns.

The concrete punching shear capacity according to ACI 318-05 is given by equation 2.10.

VR =
1

3
b0 d

√
fc (2.10)

Where VR = shear force resistance [N]

b0 = perimeter of critical section [mm]

d = effective depth [mm]

fc = concrete compressive strength [N/mm2]

2.3.2 EC 2

EC 2 considers a critical section located at a distance 2 d from the periphery of the concen-
trated load. The shape of the perimeter is straight along the sides with round corners.

The concrete punching shear capacity according to EC 2 is given by equation 2.11.

VR = 0.18

[
1 +

√
200

d

]
b0 d (100 ρl fck)1/3 (2.11)

Where VR = shear force resistance [N]

b0 = perimeter of critical section [mm]

d = effective depth [mm]

ρ = bending reinforcement ratio, ≯ 0.02 [-]

fck = characteristic concrete compressive strength [N/mm2]

It is noticeable that the part between the straight brackets accounts for the size factor. This
was discussed in section 2.1.4.
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2.3.3 BS 8110

BS 8110 considers a critical section located at a distance 1.5 d from the periphery of the con-
centrated load. The shape of the perimeter is straight along the sides with straight corners.
The BS 8110 codes includes also a size factor, but with a different expression compared to
the EC 2 code.

The concrete punching shear capacity according to BS 8110 is given by equation 2.12.

VR = 0.27

[
4

√
400

d

]
b0 d (100 ρl fcu)1/3 (2.12)

Where VR = shear force resistance [N]

b0 = perimeter of critical section [mm]

d = effective depth [mm]

ρl = bending reinforcement ratio, ≯ 0.02 [-]

fcu = ultimate concrete compressive strength [N/mm2]

2.3.4 CUR 77

CUR Recommendation 77 contains design rules for unreinforced underwater concrete slabs.
This recommendation gives a prediction about the pull out strength of a ribbed tension pile
in underwater concrete:

Fu = 0.8 fb nD(h− ar) (2.13)

Where Fu = ultimate load [N]

fb = concrete tensile strength [N/mm2]

n = number of ribbed sides [-]

h = slab height [mm]

ar = distance between the ribs [mm]

2.3.5 Discussion

The design approaches to the punching shear capacity found in ACI 318-08, EC 2 and
BS 8110 show some similarities and dissimilarities.

All the models propose a sectional approach based on the check of shear stresses on a criti-
cal control perimeter at a given distance from the column. ACI 318-08 considers a control
perimeter located at a constant distance d/2 from the column while EC 2 consists in check-
ing all the perimeters located between the column up to a distance 2 d, taking the weakest
perimeter as the designing one. This approach is more complicated but it permits to get rid
of variations in strength prediction occurring with a constant control perimeter when the
geometry of the slab is slightly changed.
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The three codes consider that the uplift loads applied inside the critical control perimeter
can be subtracted to the shear force taken into account.

A study performed by Sagaseta et al. [33] shows that the prediction models according to
EC 2, BS 8110 and ACI 318-08 are reasonable. The EC 2 formula provided the most accu-
rate predictions whereas the BS 8110 method gave slightly more conservative results. The
ACI 318-08 formula provided the largest scatter in the predictions, proven by the high coef-
ficient of variation between the results. This is not a surprise since the ACI formula neglect
the presence of reinforcement and doesn’t take into account a size factor.

The ACI 318-08 is also the most conservative code with an average ratio value of 1.2 times
the actual strength. All results are shown in Figure 2.12. The solid dots and triangles
represents experiments where shear failure was governing and the empty dots and triangles
represents experiments where flexure failure was governing.

(a) ACI 318-08 (b) EC 2 (c) BS 8110

Figure 2.12: Comparison between design codes according to Sagaseta [33]

Another comparison was performed by Muttoni in 2008 [41]. Muttoni compared 87 experi-
mental results with the design codes ACI 8318-08 and EC 2, see Figure 2.13.

(a) ACI 318-08 (b) EC 2

Figure 2.13: Comparison between design codes according to Muttoni [41]

The results shown in Figure 2.13 show the same trend as the results from Figure 2.12. The
ACI 318-08 shows a great scatter in results compared to the EC 2 results. The lack of a
size factor and reinforcement factor in the ACI 318-08 expression could be the explanation
of this scatter.
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2.4 Interface between concrete cast at different times

To verify the capacity of the interface between prefabricated concrete and in-situ concrete,
it is essential to know the shear stress capacity of this joint. Several experiments were per-
formed about the shear behaviour of smooth and toothed contact surfaces in the past. The
considered codes and guidelines are based on the shear failure criterion of Mohr-Coulomb.
Each formula uses each own coefficients, obtained experimentally. The Mohr-Coulomb cri-
terion [22] consists of a shear failure area according Coulomb’s law of friction and the fail
hypotheses according to Mohr, see Figure 2.14. The shear failure area described by Coulomb
depends on the next components:

- cohesion, this is the force of attraction between two layers of concrete and is formed
by a combination of a chemical reaction and micro roughness on both sides of the
concrete;

- coefficient of friction, which describes the ratio of the force of friction between two
bodies and the force pressing them together.

Mohr-Coulomb criterion for negative values of compression stress is given with the next
expressions corresponding to Figure 2.14:

τ = c− σc tan(φ) (2.14)

σcσ1 σ2σmσct

R

φ

c

τ

Figure 2.14: The Mohr-Coulomb shear failure criterion

Where τ = shear stress [N/mm2]

c = cohesion [N/mm2]

σc = principal compressive stress [N/mm2]

φ = angle of internal friction [◦]

σu = ultimate compressive stress [N/mm2]

σ1 = minimum negative principal stress [N/mm2]

σ2 = maximum negative principal stress [N/mm2]

With increasing stress, the circle radius R will increase and the circle will shift to the right
due to an increased σm. Shear failure occurs in case the circle intersects the Coulomb part
of the failure criterion.
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2.4.1 EC 2

The EC 2 section 6.2.5 proposes the following formula to calculate the maximum shear
resistance among reinforced concrete joints:

vRdi ≤ c+ µσn + ρ fyd (µ sin α+ cos α) (2.15)

Where vRdi = design shear resistance at the interface [N/mm2]

c = cohesion [N/mm2]

σn = normal compressive stress [N/mm2]

µ = friction coefficient [-]

ρ = reinforcement ratio [-]

fyd = design yield stress of reinforcement steel [N/mm2]

α = angle of indentations, limited by 45◦ ≤ α ≤ 90◦ [◦]

The factors c and µ depend on the surface class and are shown in Table 2.3. The factor
c correlates to the force of attraction between two materials, and µ correlates to a friction
constant which describes the ratio of the force of friction between two bodies. The code
makes a distinction between the next surfaces conditions:

- very smooth, a surface cast against steel, plastic or specially prepared wooden moulds;

- smooth, a slipformed or extruded surface, or a free surface left without further treat-
ment after vibration;

- rough, a surface with at least 3 mm roughness at about 40 mm spacing, achieved by
raking, exposing of aggregate or other methods giving an equivalent behaviour;

- indented, a surface with indentations complying with Figure 2.15.

Figure 2.15: Indented construction joint [10]

Surface class Cohesion Friction coefficient

[N/mm2] [-]

Very smooth surface 0.025 fctd 0.5

Smooth surface 0.20 fctd 0.6

Rough surface 0.4 fctd 0.7

Indented surface 0.5 fctd 0.9

Table 2.3: Cohesion and friction coefficient according to EC 2 section 6.2.5 [10]
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2.4.2 FIP

The Fédération Internationale de la Précontrainte (FIP) committee for prefabrication has
made recommendations for the verification of shear stresses [43]. The committee distin-
guished ten categories based on its roughness. Category one represents for a very smooth
surface and category ten represents a toothed surface. The FIB divided the ten categories
into two groups:

- Category A, roughness category 1 to 6;

- Category B, roughness category 7 to 10.

The FIB recommends for each category the coefficients for the cohesion and friction constant.

Category Cohesion Friction coefficient

[N/mm2] [-]

Category A 0.2 ftd 0.6

Category B 0.4 ftd 0.9

Table 2.4: Cohesion and friction coefficient according to FIP [43]

2.4.3 Daschner

In 1986, Daschner [20] performed a study to the relation between the roughness and shear
strength of a contact surface. Daschner studied also the verification model proposed by the
FIB. The experiments include reinforced and unreinforced contact areas. One of Daschner
intentions was to analyse the extent to which the FIB model was safe enough. The most
important conclusions were:

- the FIB committee design categories are valid, see Table 2.4;

- the presence of normal compressive stresses proved to be a substantial influence factor
to the shear capacity of a concrete joint;

- the quantity of the tying reinforcement also influenced the structural behaviour strongly
in a positive manner.

For this thesis only the properties of smoothed and toothed surfaces are of importance.
Daschner found for these surfaces the next values for the cohesion and friction constant:

Category Cohesion Friction coefficient

[N/mm2] [-]

Smooth surface 0.6 1.1

Toothed surface 1.5 1.7

Table 2.5: Cohesion and friction coefficient according to Daschner [20]
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2.4.4 Nissen

The values for cohesion and the friction coefficient were also experimentally investigated
by Nissen et al. [29]. They measured larger values compared to design codes, both for the
cohesion and the coefficient of friction, for a surface which was combed by a steel rake, see
Table 2.6.

Category Cohesion Friction coefficient

[N/mm2] [-]

Combed surface 1.69 1.54

Table 2.6: Cohesion and friction coefficient according to Nissen et al. [29]
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Chapter 3

Finite element modelling

Finite element modelling (FEM) is a method to study the behaviour of complex structures
by making use of computer simulations. This method is based on solving a large matrix of
partial differential equations.

FEM is developed during the fifties and its use increased rapidly during the eighties. The
reason for the slow start was the lack of computer capacity.

3.1 Non-linearity

During a FEM analysis, the structure is divided into a finite number of elements. The
behaviour and properties are described in so called integration points. These point are
located inside an element and the number of integration points per element depends on the
complexity and accuracy of the analysis. Each element is connected to its neighbouring
element by nodes. At these nodes equilibrium conditions are solved by means of algebraic
equations. FEM is applicable for linear and non-linear analyses. In a non-linear FEM
analysis it is possible to follow the non-linear structural responses throughout the loading
history. The load history is programmed as the load divided into several load increments.
A mathematical description of the structural response is presented by a system of algebraic
equations:

K p = f (3.1)

Where K is the stiffness matrix

p is the displacement vector

f is the unknown internal force vector

Three different types of non-linearity in structural mechanics are distinguished:

1. material non-linearity;

2. geometric non-linearity;

3. boundary non-linearity.
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A material non-linearity analysis is executed in case the material properties are e.g. a func-
tion of time, temperature or maturity. Examples are non-linear elasticity, plasticity and
cracking. A geometric non-linearity analysis is executed in case the deformation is large
enough that equilibrium equations must be written with respect to the deformed structural
geometry. During this analysis the loads may change direction or magnitude. Boundary
non-linearity is when the displacement depends on boundary conditions. The most frequent
boundary non-linearities are encountered in contact problems. Example of contact problems
are gap openings, possible sliding with frictional forces and situations where the contact area
changes in time.

3.2 Numerical solution methods

In order to solve the system of non-linear equations, see equation 3.1, iterative solution
methods are used. The scope of these solution methods is to find, within a certain error, a
numerical solutions to the system of algebraic equations that correlate the external forces
to the structural response:

fext = fint + εerror with εerror << 0.1 (3.2)

atena makes use of the next two default solution methods to carry out the iteration process:

- Newton-Raphson Method;

- Arc Length Method.

Both methods can be enhanced by means of the Line Search iteration.

3.2.1 The Newton-Raphson iteration

The Newton-Raphson (NR) iteration is an iterative solution method. The Newton Raphson
method can be used for both deformation increments and load increments and is therefore
a suitable method.

In the NR iteration method the stiffness relation is evaluated every iteration. This means
that the prediction is based on the last known or predicted situation. After each iteration,
the solution is checked whether the solution was sufficient or whether a new iteration must
be executed. The Newton-Raphson method yields a quadratic convergence characteristic.
This means that the NR method converges to the final solution within a few iterations, but
due to the stiffness matrix update every increment this iteration method is relatively time
consuming. The system of equations to be solved are:

K(pi−1) ·∆pi = q − f(pi−1) (3.3)

Where K(pi−1) is the stiffness matrix in the previous iteration

∆pi is the deformation increment due to loading increment

q is the total applied load in the nodes

f(pi−1) is the internal reaction forces in the nodes
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All the values for the (i − 1) − th iterations have already been calculated during previous
solution step, the only unknown is ∆pi. The iteration procedure continues until the solution
satisfies a certain convergence criteria. In atena these are:

- displacement error tolerance;

- residual error tolerance;

- absolute residual error tolerance;

- energy error tolerance.

The lower the tolerance the more accurate the solution becomes. The disadvantage is that
this requires more computer capacity. The values of the convergence limits are set by default
to 0.01. Smaller load increments increases the probability of finding equilibrium within each
step.

The concept of the Newton Raphson solution method is depicted in Figure 3.1.

Figure 3.1: Regular Newton-Raphson iteration

The stiffness matrix depends on the deformation and is therefore updated for each iteration.
However, the recalculation of the stiffness matrix is very time consuming. The Modified
Newton Raphson (Mod-NR) method only evaluates the stiffness relation at the beginning
of every displacement or load increment, in other words:

K(pi−1) ' K(p0) (3.4)

It produces very significant time saving, but it also exhibits worse convergence of the solu-
tion procedure. Usually the Mod-NR method needs more iterations, but every iteration is
faster compared to the NR method.
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The concept of the Modified Newton Raphson solution method is depicted in Figure 3.2.

Figure 3.2: Modified Newton-Raphson iteration

3.2.2 Arc length iteration

The Arc-length method is together with the Newton-Raphson an often used iteration method.
The reason for this is its robustness and computational efficiency which guaranty good re-
sults. With ordinary iteration methods the predictions for the displacement increments can
become significantly large. This is the case especially if the load-displacement graph is al-
most horizontal. This may result in large predictions for the displacement with a fixed load
increment. The Arc-length a iteration method that can solve this problem. Snap-through
and snap-back behaviour are examples where the arc-length method is highly recommended.

(a) Snap-through (b) Snap-back

Figure 3.3: Phenomena in which arc-length control is recommendable

The primary task of this method is to observe complete load-displacement relationship rather
then applying a constant loading increment as it is in the NR method. At the end of each
step both loading and displacement conditions become fixed. The fixation is performed by
establishing the length of the loading vector.
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In the NR formulation the degrees of freedom were associated with the displacements, but
for this method a fictitious degree of freedom for the loading must be introduced, the load
multiplier λ.

Figure 3.4: Arc-length control

3.2.3 The line search method

atena makes use of the line search method to optimise the iteration technique. This method
only helps to stabilize and to speed up the convergence process. The method introduces a
new parameter η which becomes the iterative step length. The basic idea behind η is to
minimize work of current out-of-balance forces on displacement increment. It is recommend-
able to use the line search method in combination with an iteration solver because it can
accelerate or damp the speed of analysis of the load-displacement relationship.
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Chapter 4

Modelling of reinforced concrete
in ATENA

During this thesis, the software program atena 3D [15] is used for the finite element mod-
elling. atena is developed by Cervenka Consulting specially for concrete structures and
therefore highly recommendable for modelling punching shear failure. For a better under-
standing of finite element analyses the implemented theories and modelling considerations
are presented.

4.1 Material modelling

Realistic non-linear analyses require adequate definitions of material models. When simu-
lation the structural behaviour by means of a FEM analyses, aspects regarding the input
parameters are of a big importance. It is important to make a distinction between the differ-
ent goals of analyses before determining the input parameters. If the aim is to simulate the
actual response of a conducted experiment, material parameters as close as possible to the
real specimen properties are desirable. On the other hand, if the purpose is to simulate the
response of a non-conducted experimental test it is applicable to assign mean values to the
material models. If the aim of the analysis is to obtain a proper design, a safety format must
be adopted. In this case the characteristic values should be divided with a partial safety
factor. The obtained ultimate load from the analysis corresponds to the design resistance.

Constitutive models serve as rational tools to describe the material behaviour and therefore
are of big importance for the numerical analysis. atena uses advanced constitutive models
that enables a simulation of the real structure in service as well as in ultimate loading
conditions. The redistribution of internal forces due to the non-linear material behaviour is
taken into account and the resulting deformation and stress state satisfies all requirements
of mechanics:

1. equilibrium of forces;

2. compatibility of deformations;

3. material laws.

The FEM analysis forms the fundamental theory for this thesis. A good understanding of
the different material models and their theories is of big importance. The next sections are
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written with the help of the atena Theory Manual [51]. It is recommendable to see this
manual for further background information.

4.1.1 Concrete model

The structural response of concrete with non-linear material behaviour can be distinguished
in two stages. Concrete is assumed to be isotropic and homogeneous up to crack initiation.
Up to this phase the concrete is modelled with a linear-elastic relation. At the time the
crack initiation starts, several advanced constitutive relations that are capable of describ-
ing the non-linear behaviour in three dimensions need to be employed in the material model.

During this thesis the fracture-plastic model CC3DNonLinCementitious2 for the non-linear
analyses is used. This model is capable of describing concrete cracking, crushing and plastic
behaviour. The basic material properties used for model are shown in Figure 4.1. Each
part of the stress-strain diagram is intended to describe the actual behaviour of concrete in
different phases. The fracture-plastic model is a combination of different models for each
part of the curve.

Figure 4.1: Uniaxial stress-strain law for concrete

The fracture-plastic model combines constitutive models for tensile and compressive be-
haviour. This model is based on the smeared crack formulation and crack band model. The
model includes the Rankine failure criterion, exponential softening and it can be used as
rotated or fixed crack model. The Menétrey-Willam [44] failure surface provides the basis
for the hardening/softening plasticity model.

The fracture-plastic model makes use of the method of strain decomposition as it was in-
troduced by de Borst [21] to combine fracture and plasticity models together into a single
model such that plasticity is used for concrete crushing and the Rankine fracture model for
cracking:

ε = εe + εp + εf (4.1)
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Where εe is the elastic strain component

εp is the plastic strain component

εf is the fracture strain component

The increments of the plastic and fracture strain must be evaluated based on the used
material models. These models are briefly discussed during the next sections.

Rankine fracturing model for concrete cracking

The Rankine-fracturing model is used for concrete cracking. The fracture model is based on
the classical orthotropic smeared crack formulation and crack band model. Compared to the
discrete cracking model, the smeared crack model approach is more advantageous, giving
satisfying accuracies of global results. The feature of the smeared cracking approach is that
the cracks are smeared over an entire element. This means that the model disables the
cracks to fully open and thus the transfer of tensile stresses through the crack is somewhat
overestimated compared to reality. Within the smeared crack concept two options are avail-
able for crack models: the fixed crack model and the rotated crack model. In both models
the crack is formed when the principal stress exceeds the tensile strength. It is assumed that
the cracks are uniformly distributed within the material volume.

In the fixed crack model the crack direction is given by the principal stress direction at the
moment of the crack initiation. During further loading this direction is fixed and represents
the material axis of the orthotropy. In the rotated crack model, the direction of the principal
stress coincides with the direction of the principal strain. This means that no shear strain
occurs on the crack plane and only two normal stress components must be defined.

Figure 4.2: Fixed and rotated crack model

Note that the following expressions are given in tensor notation. The intention here is only
to illustrate the fundamental theory the material model uses.

The criterion used for the Rankine fracturing model:

F f
i = σ

′t
ii − f

′

ti ≤ 0 (4.2)

Which simply means that as long as the stress is less than the strength of concrete, the
concrete is uncracked. The stress is calculated by the so-called elastic predictor :

σ
′t
ij = σ

′n−1
ij + Eijkl ·∆ε

′

kl (4.3)
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If the Rankine failure criterion is not met, the increase in fracture strain is calculated by
assuming that the final stress state must satisfy:

F f
i = σ

′t
ii − f

′

ti = σ
′t
ii − Eiikl ·∆ε

′f
kl − f

′

ti = 0 (4.4)

After substitution (4.4) into (4.3) a formula for the increment of the fracturing multiplier
∆λ is recovered:

∆λ =
σ

′t
kk − f

′

t (w
max
k )

Ekkkk
(4.5)

This equation must be calculated with iterations since the tensile strength is controlled by
the crack opening.

The fictitious crack model developed by Hillerborg et al. [3] is considered, in which the
tensile strength is controlled by the crack opening. The crack width is calculated by:

wmax
k = Lt(ε

′f
kk + ∆Λ) (4.6)

Where Lt is the characteristic length

ε
′f
kk is the the total value of fracturing strain in k-direction

The softening behaviour of concrete in tension is the one derived experimentally by Hordijk
[27], where the crack width is related to the stress:

wc = 5.14
Gf

f
′ef
t

(4.7)

Where wc is the crack opening at the complete release of stress

Gf is the fracture energy needed to create a unit area of stress-free crack

f
′ef
t is the effective tensile strength

Figure 4.3: Stress-crack opening law according to Hordijk [27]

In heavily reinforced concrete structures, the cracks cannot fully develop and concrete con-
tributes to the steel stiffness. This effect is called tension stiffening and in the used material
model it can be simulated by specifying a tension stiffening factor cts. This factor represents
the relative limiting value of tensile strength in the tension-softening diagram. The effect of
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tension stiffening has not been included in the present study.

The shear strength of cracked concrete is calculated using the Modified Compression Field
Theory of Vecchio and Collins [23]. This theory states that the compressive strength should
decrease when the transverse tensile strain increases. Cracked concrete is less strong and
softer compared to the concrete specimens used for testing. The rc,lim parameter is related
to the transverse tensile strain, and the decrease of the compressive strength depends on
the stage the concrete is cracked. The default value in atena allows a maximum decrease
of 80%.

Figure 4.4: Reduction of compressive strength due to the development of lateral
tensile strains

fefc = rc,lim · fc (4.8)

Plasticity model for concrete crushing

New stress state in the plastic model is computed using the predictor-corrector formula.
Note that the following expressions are given in tensor notation. The intention here is only
to illustrate the fundamental theory the material model uses.

(n)σij =(n−1) σij + Eijkl (∆εkl −∆εpkl) = σt
ij − Eijkl ∆εpkl = σt

ij − σ
p
ij (4.9)

The plastic corrector σp
ij is computed directly form the yield function by return mapping

algorithm.

FP
(
σt
ij − σ

p
ij

)
= FP

(
σt
ij −∆λlij

)
= 0 (4.10)

The crucial aspect is the definition of the return direction lij , which can be defined as:

lij = Eijkl
∂GP (σt

kl)

∂σkl
then ∆εpij = ∆λ

∂GP
(
σt
ij

)
∂σij

(4.11)

Where GP (σt
kl) is the plastic potential function, whose derivative is evaluated at the pre-

dictor stress state σt
ij to determine the return direction.
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The plasticity model for concrete in compression is based on the MenétreyWillam [44] failure
surface. The position of the failure surface is not fixed but it can expand and move along
the hydrostatic axis, simulating the hardening and softening stages. This model differs from
the other published formulations in its ability to handle physical changes like crack closure
and it is not restricted to any particular shape of hardening-softening laws. The model can
be used to simulate concrete cracking, crushing under high confinement and closure due to
crushing in other material directions.

The hardening/softening law is based on uniaxial compressive tests. The law is shown in
Figure 4.5.

Figure 4.5: Compressive hardening/softening based on experimental observa-
tions by van Mier [38]

wd = εpeq · Lc (4.12)

Where wd is the plastic displacement

Lc is the length scale parameter

εpeq is the value of equivalent plastic strain

The elliptical hardening curve and the linear softening curve are based on the work of van
Mier [38]. The softening is described as a linear decrease of the compression strength. In this
way, the energy needed for generation a unit area of the failure plane is indirectly defined.
From the experiments of van Mier, the value of wd is determined to be 0.5 mm for normal
concrete. This value is used as default for the definition of the softening in compression.
The elliptical part is given by the following expression:

σ = fco + (fc − fco)

√
1−

(
εc − εpeq
εc

)2

(4.13)

The coefficient for plastic flow direction enables simulation of volume change when the con-
crete is subjected to compression. The default value in atena for this factor is 0, which
means no change in volume. Positive values indicates concrete expansion, whilst negative
values results in concrete compacting. A volume decrease is only reasonable during high
triaxial state of stresses. During the analyses conducted in this study the parameter has
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been set to the default value of 0.

Aggregate interlock is the projection of aggregate particles from one side of a crack in
concrete into recesses in the other side so as to effect load transfer in compression and shear.
This phenomenon is investigated in 1980 by J. Walraven [52] and illustrated in Figure 4.6.

Figure 4.6: Transmitting shear stresses across the crack by aggregate interlock

4.1.2 Reinforcement model

The reinforcement can be included in two ways, either as smeared or as discrete bar ele-
ments. In this study the reinforcement bars are modelled as discrete bars.

The used stress-strain law is bi-linear with hardening. The parameters are the elastic mod-
ulus of the steel Es, the yield stress σs, the ultimate stress σt and the ultimate strain εlim.

Figure 4.7: The bilinear stress-strain law for reinforcement

4.2 Structural definition

Most of the geometrical properties are defined as macro-elements which can be modelled in
every required shape. Other types of elements are reinforcement bars, external cables and
different types of springs.

Element types are assigned to each macro-element. Commonly three dimensional solid el-
ements are used for macro-elements representing concrete material. In addition to solid
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elements, there is also the option to use shell elements. Shell elements are thinner forms
of solid elements and are used in cases where bending is of interest. The difference is that
the strain distribution perpendicular to the element surface is linear and that cross-sections
remain plain after deformation. Shell elements are more computationally effective compared
to the solid elements.

The reinforcement is modelled as one dimensional line elements with an assigned bar di-
ameter. These elements are embedded into the concrete elements. Apart from modelling
separate one dimensional line elements, a smeared approach is also on option. With this
option the reinforcement is spread along the macro-elements by assigning a reinforcement
ratio. The contact area between the reinforcement bars and the surrounding concrete can
be assigned either a perfect bond or a bond-slip relation. The parametric study from Öman
and Blomkvist [19] conducted in 2006 showed that the bond features was less significant in
their study to punching shear behaviour. That is why in this thesis perfect bond is assigned.

Important input parameters are the boundary conditions. Boundary conditions can be as-
signed to nodes, lines or surfaces. The choice between depends on which most resembles the
actual support. The boundary conditions specifies the allowing or preventing displacement
in three coordinates. These conditions are often used to simplify symmetrical structures.

An assembly of macro-elements can be used in case of irregular structures. Special attention
is required for the contact surfaces between adjacent macro-elements. The properties of this
contact prescribe the structural behaviour between the surfaces. Three different types of
connections can be assigned to a contact surface, a rigid connection, an interface connection
and no connection. The interface connection is prescribed by so-called GAP-elements. These
elements describes the physical properties of contacts between two surfaces. This material
model is used to simulate the contact properties between the concrete foundation pile and
the surrounding concrete floor.

4.2.1 GAP-elements

The interface material is based on the Mohr-Coulumb criterion with tension cut off. See
section 2.4 for a detailed description of the Mohr-Coulomb criterion.

atena uses a constitutive relation for a general three-dimensional case in terms of tractions
on interface planes and relative sliding and opening displacements:


τ1

τ2

σ

 =


Ktt 0 0

0 Ktt 0

0 0 Knn




∆v1

∆v2

∆u

 (4.14)

The initial failure surface corresponds to Mohr-Coulomb equation 2.14, with ellipsoid in ten-
sion regime. After stresses violate this condition, this surface collapses to a residual surface
which corresponds to dry friction, see Figure 4.8.

The Knn and Ktt denote the initial elastic normal and shear stiffness respectively. Typi-
cally for zero thickness interfaces, the value of these stiffnesses correspond to a high penalty
number. It is recommended to estimate the stiffness value using the next expressions:
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Knn = 100
E

t
(4.15a)

Ktt = 100
G

t
(4.15b)

Where E and G are respectively the minimal elastic modulus and the shear modulus of
the surrounding material. The t represents the width of the interface zone. It is suitable
due to numerical reasons if stiffness is about 10 times the stiffness of adjacent finite elements.

Figure 4.8: Failure surface for interface elements

4.3 Solution control setting

During FEM analysis, an iteration solver tries to find numerical equilibrium between external
and internal forces. The solver attempts to reach equilibrium until the convergence criteria
are satisfied, this means that the solver stops with performing iterations when the internal
force reaches a value close enough to the external force. This option is designed to stop the
analysis when the convergence errors at the end of a load step or iteration are so large, that
continuing the analysis does not make sense with respect to results quality. The value of the
allowable tolerance determines the accuracy of the equilibrium condition. A large tolerance
will give a fast iteration procedure but will result in less accurate results, while a very low
tolerance will increase the change of convergence instability. In atena the default values
for tolerances for the different convergence criteria are presented in Table 4.1. The default
values were used in the analyses within this thesis.

Convergence criteria Tolerance

Displacement error tolerance 1.00%

Residual error tolerance 1.00%

Absolute residual error tolerance 1.00%

Energy error tolerance 0.01%

Table 4.1: Default values of error tolerances

Reducing the size of a load step increases the probability of reaching convergence. Problems
with iteration might be the results of insufficient number of iterations, conservative error
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tolerances or an inappropriate solution method.

It is important to review the iteration procedure after its completion to ensure that errors
do not cause corrupt outcomes. It is inappropriate to trust on analysis output that have
encountered high error values.
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Validation of modelling
technique

The presence of internal or external ribs on a foundation pile is of big importance for the
shear transfer capacity between the pile and the surrounding slab. This is emphasised by
experimental shear tests conducted by J. Aziz [6]. The experimental results show a signifi-
cantly increase of shear transfer capacity for toothed surfaces compared to smooth surfaces.
The same counts for the ribs on a foundation pile which ensure a great material interlock.

The definition of a model is that it is a simplified representation of a real object. Also atena
makes use of simplifications to simulate and predict the actual structural behaviour. The
problem that directly occurs is the way of modelling the specific contact surface between pile
and slab without losing the real behaviour. The goal of this validation study is to justify a
proper modelling technique that simulates a failure mechanism which is related to punching
shear.

One possibility to simulate the contact surface is to model the exact rib geometry. An ap-
propriate interface material between the modelled ribs and slab should satisfy the concrete
to concrete shear behaviour. The advantage of this modelling technique is the ability to ob-
serve the development of peak stresses close to a rib during the analysis. These peak stresses
might introduce crack initiation which results in an undesirable failure mode. The disadvan-
tage of this modelling technique is the difficulty of generating an appropriate element-mesh
which fits both ribs and slab. The rib dimensions are significantly smaller with respect to
the total structure. The difference in element mesh around the ribbed pile might introduce
numerical errors at node connections.

For this study frictional based interface elements, the so called GAP-elements, are modelled
to simulate the contact surface of the ribbed pile and slab. The interface material is based on
the MohrCoulomb failure criterion as described in section 2.4. The ribbed pile is modelled
as a rectangular pile with planed sides. Each contact surface between the pile and slab is
related to its own interface material which describes the physical properties of the contact
area. By changing the frictional parameters, different shear properties can be simulated, like
smooth, rough and toothed surfaces. The upper limit value describes a perfectly bonded
connection, simulated with infinity friction parameters. The lower limit value described a
sliding surface with no connection at all, which is related to friction parameters equal to zero.
The actual behaviour is somewhere in between these two limit values. By calibrating the
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frictional parameters the structural behaviour can be simulated for different surface classes.

In order to validate the modelling technique with interface elements, reliable numerical simu-
lations have been conducted and compared to experimental results. Experiments conducted
by C.R. Braam, A. Bosman and A. van Rhijn [16], described in section 2.1.5, have been sim-
ulated using FEM analyses. This experiment is also published by the Dutch concrete journal
Cement during an edition about underwater concrete [45]. The goal of this experiment was
to check the safety of the current verification code CUR 77 [14] for ribbed foundation piles.
All experimental specimens showed a failure mechanism which relates to punching shear. It
is this occurred failure mechanism in combination with the presence of rib geometry which
makes this experiment highly usable for the modelling validation.

5.1 Laboratory tests for comparison

5.1.1 Geometrical data and loading

It is important to keep in mind that reported quantities are not always correct due to human
errors and shortcomings of equipment. The tested specimens are square shaped slabs with
a length of 3750 mm and a height of 500 mm. A footing of 425 mm is present at full slab
circumference to guarantee some free space underneath the center of the slab. Each specimen
is supported by a steel frame with four rectangular contact surfaces, see Figure 5.1(c).

(a) Dimensions footing

(b) Location prestressing (c) Dimensions slab

Figure 5.1: Experimental setup pull-out tests Braam et al. [16]

The concrete pile of 250x250 mm was loaded in upward direction by making use of a tensile
rod applied at the center of the pile. The tensile rod was connected to a hydraulic jack.
The pile was exposed to a displacement controlled load with an incremental velocity of 1.0
mm/min. All dimensions of the test specimens are shown in Figure 5.1.

Prestressing cables are applied to simulate the bracing effect of sheet walls. The total pre-
stressing force Fp was 2720 kN per direction, divided over six cables. This prestressing force
is equivalent to a compression stress σc of 1.36 N/mm2. The cables are placed at different
heights to prevent an intersection, see Figure 5.1(b) for the exact location per direction.
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The total experiment includes six specimen investigations with three different rib geometries.
The next series are distinguished:

- series 1, minimum external;

- series 2, minimum internal;

- series 3, maximum internal.

The advantage for external ribs is that the indentations don’t affect the net pile cross-
section. This is explained with Figure 5.2(b), the original cross-section of 250 mm is at some
locations reduced to 200 mm due to the internal indentations. This area reduction causes
increased stress values. The disadvantage of external indentations is the inconveniences
in prefabrication, continuously adjusting the steel mould to a specific rib geometry or rib
distance is a cumbersome process. The rib geometry for internal indentations is easily
adjustable in a steel mould by placing small steel triangles at each desirable side. The
dimensional properties per series are shown in Figure 5.2. For each series two specimens are
tested.

(a) Series 1 (b) Series 2 (c) Series 3

Figure 5.2: The different rib geometries of all series

5.1.2 Material data

The strength properties of each specimen were determined by making use of tensile splitting
tests of concrete cubes. The cubes were poured with the same concrete mixture as the
corresponding specimen slab. The mean splitting strength is often not used as a concrete
parameter during calculations, that is why the mean tensile strength is derived by making
use the next equation (according to CUR 52 [12]):

fctm = 0.9 · fct,spm (5.1)

Where fct,spm = mean splitting strength of concrete [N/mm2]

fctm = mean tensile strength of concrete [N/mm2]

The short term mean tensile strength of each specimen is determined by making use of the
concrete maturity concept. To make sure the strength properties of the specimen and cubes
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are equivalent, temperature sensors were placed in both members. The temperature sensors
were connected to a maturity computer. The maturity computer monitors the strength de-
velopment based on the increase of temperature. The specimen strength is directly derived
from the cubic splitting tests.

Table 5.1 shows the mean tensile strength of the concrete cubes with the related maturity.
The tensile strength of each specimen is based on the reached maturity.

Specimen Maturity cube fctm cube Maturity specimen fctm specimen

[◦Ch] [N/mm2] [◦Ch] [N/mm2]

1-1 5250 2.84 5696 2.90

1-2 4330 2.30 4261 2.30

2-1 5629 2.86 4545 2.50

2-2 4505 2.56 4033 2.40

3-1 4008 2.36 3753 2.30

3-2 3678 2.15 3539 2.15

Table 5.1: Concrete maturity data and centric tensile strengths

The used cables are Dywidag prestressing cables [30] with strength properties as shown in
Table 5.2.

Diameter Steel grade Area Elastic modulus Density

[mm] [N/mm2] [mm2] [N/mm2] [N/mm3]

32 950 804 205000 78.50 · 10−6

Table 5.2: Dywidag prestressing cable properties

All concrete piles are prefabricated with a concrete class corresponding to B55.

5.1.3 Results and observations from experiments

Table 5.3 contains all experimental results like failure loads, crack angles and cone diameters.
Slope angles α1 and α2 are respectively in R1 and R2 direction. The R1 direction is the
direction with the ribbed sides and the R2 direction is the direction with the plane sides of
the pile. See Figure 5.3 for a schematic presentation of the crack angles and cone diameters.

Figure 5.3: Presentation of pull-out cone for directions R1 and R2
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Specimen Failure load Diam. in R1 Diam. in R2 Slope α1 Slope α2

[kN] [m] [m]

1-1 2483 1.70 1.50 26◦ 30◦

1-2 2373 1.20 1.20 29◦ 32◦

2-1 2399 1.60 1.45 29◦ 32◦

2-2 2329 1.65 1.35 27◦ 33◦

3-1 2421 1.75 1.35 26◦ 33◦

3-2 2179 1.55 1.25 29◦ 36◦

Table 5.3: Experimental results conducted by Braam et al [16]

First of all it is noticeable that all specimen failures are caused by punching shear. The
difference between internal and external ribs doesn’t seem to influence the punching load
capacity of the slab significantly. The difference in failure load is with 2% relatively small,
see Table 5.3. The mean tensile strength is directly related to the failure load. Specimen
3-2 with a relative low tensile strength of 2.15 N/mm2 shows the lowest failure load of 2179
kN and vice versa for specimen 1-1 with a relative high tensile strength of 2.9 N/mm2 with
a corresponding failure load of 2483 kN.

The results show also that the influence of internal ribs and external ribs seems to make no
difference on the crack angles α1 and α2. All diameters and slope angles are in the same
order of magnitude without extremes. However, the magnitude of α1, orientated along the
ribbed sides, is in almost all the experiments lower compared to the magnitude of α2. This
tends to the conclusion that the ribbed sides do have a larger cone radius compared to the
plane sides. It is noticeable that also the plane sides benefit from the ribbed sides, despite
the fact the crack angle is steeper, the plane sides account for a large extend in the failure
strength.

5.2 Finite element modelling of laboratory tests

5.2.1 Boundary conditions and loading

In order to reduce the required computer capacity only a quarter specimen has been mod-
elled. In the symmetries, boundary conditions were introduced such that free movement
was prevented in the direction with geometrical continuity. In order to represent the stiff
support surfaces, steel plates are modelled at the bottom of the pile and at the slab surface.

The modelling principles are described by Figure 5.4. The constraints in z-axis are modelled
to simulate the steel support structure and the constraints in x-axis and y-axis to simulate
slab continuity. The dimensions correspond to a quarter of the original specimen shown in
Figure 5.1.

The modelled prestressing force of 453 kN per cable is equivalent to the prestressing force
applied before testing. The amount of prestressing force during the experiment was not
measured. Potential losses due to shrinkage, relaxation or the order of stressing the cables
has due to absence of information not been taken into account.

49



Chapter 5. Validation of modelling technique

(a) Boundary conditions x-axis (b) Boundary conditions y-axis

(c) Boundary conditions z-axis (d) Prestressing layout

Figure 5.4: Boundary conditions and prestressing layout

The modelled specimen is in accordance with the experiment loaded with a prescribed
displacement at the bottom of the pile. During each load step the displacement increases
with 0.5 mm in upward direction.

5.2.2 Material properties

The strength parameters for the concrete slab are based on the mean tensile strength derived
experimentally from splitting tests described in section 5.1.2. The mean values instead of
characteristic values are chosen to get the material parameters as close as possible to the
real specimen properties. The mean values of the modulus of elasticity and the concrete
compressive strength in terms of the mean tensile strength, in accordance to EC 2 Table 3.1
[10], are given by:

Ecm = 22

(
fcm
10

)0.3

(5.2)

fcm = fck + 8 N/mm
2

(5.3)

Where Ecm = mean modulus of elasticity of concrete [N/mm2]

fcm = mean compressive strength of concrete [N/mm2]

fck = characteristic compressive strength of concrete [N/mm2]
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The concrete slab material properties are summarised in Table 5.4.

Specimen fctm fcm Ecm Gf

[N/mm2] [N/mm2] [N/mm2] [N/mm]

1-1 2.90 38.05 32850 30.00 · 10−3

1-2 2.30 29.22 30350 28.75 · 10−3

2-1 2.50 32.06 31204 29.25 · 10−3

2-2 2.40 30.63 30800 28.85 · 10−3

3-1 2.30 29.22 30350 28.75 · 10−3

3-2 2.15 27.19 29700 28.50 · 10−3

Table 5.4: Concrete slab material parameters

The prefabricated pile is modelled in accordance to EC 2 Table 3.1 [10] mean material pa-
rameters to simulate the used concrete class of B55.

fctm fcm Ecm Gf

[N/mm2] [N/mm2] [N/mm2] [N/mm]

4.20 63.00 38000 138.60 · 10−3

Table 5.5: Concrete pile material parameters

The prestressing cables are modelled with bilinear stress-strain material behaviour. The
used parameters are in accordance with the actual used Dywidag [30] prestressing cables
shown in Table 5.6. The manufacturer includes a 5% deviation in elastic modulus, this has
been taken into account to make a safe approximation.

Diameter Steel grade Area Elastic modulus Density

[mm] [N/mm2] [mm2] [N/mm2] [N/mm3]

32 950 804 194800 78.50 · 10−6

Table 5.6: Dywidag prestressing cable properties

5.2.3 Interface material

Interface material is introduced to simulate the frictional properties of the smooth and ribbed
side of the pile. The friction properties are based on the Mohr-Coulomb shear failure criteria
as described in section 2.4. Two different surface classes are modelled to make a distinction
between the ribbed and plane side of the pile. Both frictional properties according to EC 2
section 6.2.5 [10] are used to make an approximation for common used interface parameters.

Different interfaces are modelled to investigate the influence of friction parameters with
respect to the structural behaviour. The two material models are named Interface 1 and
Interface 2 and the characteristics are shown in Table 5.7.
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Interface 1 Interface 2

Surface class Cohesion, c Friction, µ Cohesion, c Friction, µ

[N/mm2] [-] [N/mm2] [-]

Smooth 0.27 0.60 0.20 0.50

Indented 0.66 0.90 0.50 0.80

Table 5.7: Implemented friction coefficients

5.2.4 Finite elements

The concrete slab is modelled with three dimensional solid linear tetrahedral elements. The
concrete pile and the steel plates are modelled with three dimensional solid linear brick
elements. A linear tetrahedral element contains 4 nodes compared to the 10 nodes of a
quadratic element. This means that for quadratic tetrahedral elements the total number of
integration points triples instead of a linear element. Although this increase of integration
points lead to more accurate FEM results [31], it requires also directly three times more
computer capacity. This amount of computer capacity was not available and therefore lin-
ear elements are used.

Figure 5.5: Linear and quadratic tetrahedral element

The mesh density specially around the pile is increased to improve the accuracy of the anal-
ysis in this important region of the slab. To reduce the total analysis capacity the other
regions of the slab are modelled with a relative coarse mesh, see Figure 5.6.

Monitoring points are introduced to compare the structural behaviour based on load-displacement
graphs. The location of the monitoring points shown in Figure 5.6(b) are in accordance with
the locations of the vertical displacement sensors of the actual experiment.

Macroelement Mesh type Element type Elements

Slab 3D tetrahedral linear 9285

Prefabricated pile 3D brick linear 32

Plate slab surface 3D brick linear 16

Plate pile base 3D brick linear 9

Table 5.8: Finite element mesh generation
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(a) Mesh configuration (b) Monitoring points

Figure 5.6: Mesh configuration of modelled specimen and monitoring points

5.3 Results from numerical analyses

To gain the ability of comparing different numerical results, two specimens are selected for
the numerical analysis. A difference in concrete tensile strength and a difference in rib ge-
ometry were the most important selection criteria. From these criteria specimens 1-1 and
3-1 are selected for the analysis. For these specimens a load-displacement graph and a crack
pattern development are made. The load-displacement graph for both numerical and exper-
imental study are shown in one figure to compare the structural behaviour till slab failure.
The crack development shows by means of subsequent load steps the cause of the occurred
failure mechanism and the path towards this mechanism.

First of all, it is noticeable that in accordance with the experimental results all FEM analyses
showed a punching shear failure mechanism. In first instance, this is an important result in
the validity of modelling punching shear with friction interfaces at locations with a concrete
to concrete surface.

Table 5.9 contains the results of the four FEM analyses. The slopes α1 and α2 are in ac-
cordance with Figure 5.3. The slope α1 corresponds to the ribbed side of the pile and α2 to
the smooth side.

Experiment FE Interface 1 FE Interface 2

Specimen 1-1 3-1 1-1 3-1 1-1 3-1

Failure load [kN] 2483 2421 2216 2186 2176 2010

Slope α1 26◦ 26◦ 28◦ 33◦ 29◦ 29◦

Slope α2 30◦ 33◦ 35◦ 35◦ 35◦ 34◦

Table 5.9: Experimental results versus numerical results

The failure load of specimen 1-1 and specimen 3-1 both with Interface 1 differs within a 10%
deviation from the experimental results. This difference is partly explained by the natural
scatter in results which is typically related to brittle failure. This deviation is also visible
with the scatter in the experimental failure loads with theoretically equal concrete strengths,
see Table 5.3.
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The differences are most likely caused by a combination of multiple material uncertainties,
simplifications in implemented material models and element inaccuracy. Parameters such as
the concrete compressive strength, modulus of elasticity and fracture energy are estimated
based on expressions from the EC 2 [10] and the atena Theory Manual [51]. The uncer-
tainty in these important input parameters might lead to less accurate results compared
to the actual situation. Different parameter studies are conducted in the past to investi-
gate which conditions influence the punching capacity the most. J. Ozbolt et al. [32] and
P. Menétrey [37] concluded that one of the most influential parameter is the amount of
fracture energy, an increase leads directly to a significant higher failure load. D. Faria et
al. [18] stated that an increase in elastic modulus was not effective for the punching capac-
ity. The opinions about the influence of the compression strength differs within different
studies. Menétrey concluded that the tensile strength controls the punching failure instead
of the compression strength like Faria states. Since the hypothesis of most analytical mod-
els [1, 2, 10] are based on the compressive strength, the study of Faria tends to draw the
right conclusion. However, this contradiction is not absolute as the compression strength
depends physically on the tensile strength.

The measurement of the crack angle is due to the implemented smeared crack model with
a certain inaccuracy. The slopes shown in Table 5.9 are the average values of the contour
area plots with relative high values of crack widths. Despite of the inaccurate measuring
process, the average values correspond with a scatter to the experimental results. Noticeable
is that in all cases the slopes of the FE analysis are larger compared to the actual slopes.
The differences are not significantly and are most likely caused by the modelled element size,
a mesh with smaller element dimensions could have lead to a more detailed crack inclination.

An important observation is the accordance in a lower magnitude of α1 compared to α2 for
all analyses. This result validates the conclusion that specific surface conditions of a contact
can be modelled with proper friction properties. Which exact friction parameters correspond
to a specific contact surface is a point of interest. This calibration is only possible if all the
other material parameters are for sure in line with the actual situation. In this simulation
the absence of qualitatively input data makes this calibration inaccurate to draw conclusions.

For sure is the fact that the modelled friction parameters from Table 5.7, show good agree-
ment with the experimental results. This implies that the behaviour of a smooth surface can
be simulated with a relative low cohesion and friction coefficient compared to an indented
surface. This is supported with the presentation of different crack angles in Table 5.9. The
importance of proper friction parameters is emphasised with the different results from the
analysis with Interface 1 and Interface 2. Interface 2 is modelled with slightly lower friction
properties compared to Interface 1. This leads directly to a lower failure load, and quite
different crack angles. Although the difference in failure load, the interface properties were
not of importance for the occurring failure mechanism.
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5.3.1 Crack pattern development

The crack development during the numerical analysis corresponds to the development of
cracks prescribed by S. Guandalini [25] which is stated to be related to punching shear
failure. The FEM results show also strong similarities with the appearing crack pattern
observed during the experiment. Figure 5.8 shows the development of cracked elements at
different load steps just before failure. It is important to notice that a crack filter is active
for crack widths smaller than 0.1 mm. The reason for this filter is to avoid the presentation
of micro cracks which make the pictures less clear. The crack filter of 0.1 mm is also con-
venient to see the similarities in visible cracks at slab surface between the actual and the
numerical experiment.

The first radial cracks start to form just after the end of the linear stage of the specimen.
During load increments these cracks start to increase in both number and width. Crack
widths more than 0.1 mm appear towards the failure load. These radial cracks start at the
circumference of the pile and develop in diagonal direction towards the supporting plate,
see Figure 5.8(a). This diagonal crack is clearly visible during the experiment shown in
Figure 5.7.

Figure 5.7: Top view of specimen surface during the experiment

For load steps closer to the failure load, the radial cracks start to increase in number and
length. This crack development corresponds to the visible observations during the experi-
ment. During the FEM analysis a radial crack appears perpendicular to the pile face towards
the edge of the slab, see Figure 5.8(b). This development is visible as well during the exper-
iment.

At the same time the radial cracks increases in length, the first internal cracks start to
develop from the bottom of the pile under a gradient to the slab surface, see Figure 5.8(c).
From load step 6 the number of radial cracks stagnated but the crack width increased. The
failure load of the specimen corresponds to load step 7. At this load step a clear punching
cone starts to appear at areas with a relative high values of principle fracture strain, see
Figure 5.8(d). During the actual experiment, suddenly a truncated cone shaped element
punches through the slab. During the analysis, the prescribed displacement still increases
but the internal reaction force starts to decrease. This caused by the displacement controlled
solving method and the decrease in force indicates that the maximum slab capacity has been
reached. The load steps after failure show a significantly increase in crack width up to a few
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millimetres, this is only numerically possible.
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(a) Load step 4, force = 1936 kN (b) Load step 5, force = 2075 kN

(c) Load step 6, force = 2145 kN (d) Load step 7, force = 2186 kN

Figure 5.8: Crack pattern development before failure of specimen 3-1 Interface
1 (crack filter 0.1 mm)
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5.3.2 Fracture strain development

To get a better understanding of the appearing crack formation, a principal fracture strain
development is shown in Figure 5.9. Although the fracture strain corresponds to specimen
1-1 with interface 1, the crack pattern shows strong similarities with the crack development
of specimen 3-1 with interface 1 shown in Figure 5.8.

Figure 5.9 shows contour area plots of slab zones with high values of fracture strain. These
regions with high values are related to concrete fracture with visible cracks. During the
analysis up to an applied load of 1566 kN only fracture strain appears at slab surface. This
is in correspondence with the cracks shown in Figure 5.7. The direction of the strain shows
that the cracks are the effect of hogging moment in the direction parallel to the edge. Load
step 7 shows slightly the first internal fracture strain which corresponds to low magnitudes
of crack widths. This strain development is caused by increasing shear forces. Load step
8 corresponds to an applied load just before slab failure and it’s clearly visible that the
internal strain developed rapidly. At this load step the slab has almost reached its capacity.
Load step 10 corresponds to an applied force right after slab failure and the strain is fully
developed over the full height of the slab. The green and red regions of Figure 5.9(d) shows
the shape of the punching cone. This fracture strain causes stress free cracks which directly
leads to failure.

(a) Load step 3, force = 1566 kN (b) Load step 7, force = 2186 kN

(c) Load step 8, force = 2199 kN (d) Load step 10, force = 2212 kN

Figure 5.9: Development of principle fracture strain [-] of specimen 1-1 with
interface 1
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5.3.3 Load-displacement behaviour

Figure 5.10 illustrates the structural response of the test specimen during loading. The
vertical axis presents the force at the bottom of the pile and the horizontal axis presents
the vertical displacement of monitoring point 8, see Figure 5.6(b). It is noticeable that both
experimental and numerical graphs are cut after a displacement of 0.6 mm. The experiment
showed unpredictable displacements at this stage which indicated that the cone punched
out of the slab. Due to the brittle failure, the data after specimen failure is not reliable, and
therefore not shown. Also the FE analyses has reached its failure force at a displacement of
about 0.6 mm.
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Figure 5.10: Force-displacement graph of specimen 1-1 corresponding to moni-
toring point 8

Both experimental and numerical responses show good agreement for the initial stiffness.
However, after the linear stage has been reached the FE analyses show a stiffer behaviour
compared to the response that was observed during the experiment. This is believed to
be caused by the smeared crack formulation implemented in atena, which means that the
model responds with significantly decreased stiffness after the crack is fully developed. In re-
ality, cracking affects immediately the response as cracks are initially formed. This numerical
modelling problem is corrected by reducing the fracture energy parameter. This parameter
describes the amount of fracture energy needed to create an unit area of stress-free crack.
By reducing this parameter, the structural response will behave more brittle. As mentioned
in section 5.3, this reduction caused a decrease in punching capacity. Although a reduction
of the fracture energy, still the FE analyses behave more stiff compared to the experiment.
It is believed that this difference could not be the consequence of an overestimated elastic
modulus of the concrete slab, since the initial stiffness fits perfectly. If the elastic modulus
was overestimated, this should have influenced the linear stage as well. The stiffness de-
creasing at an earlier stage indicates an earlier crack formation stage. This could indicate
an overestimation of the material parameters. This is explained in the scatter in material
strengths, while all material input parameters are based on mean values. S. Ericsson [47]
faced the same stiffness problem with his numerical study to the punching shear failure by
using atena. Also M. Staller [50] (FEM program marc) and L. Trautwein et al. [34] (FEM
program diana), encounter the same stiffness problem after the linear stage compared to
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experimental results.

The absence of information about the prestressing force during the experiment might have
resulted in an increased stiffness of the slab. During the FEM analyses no losses caused by
friction, shrinkage or relaxation have been taken into account. Also a perfect bond model
between reinforcement and concrete has been modelled. The uniform compressive stress
resulting from the prestressing cables might hence be overestimated. This causes a delay in
the crack formation, which results in a more stiff behaviour.

The difference between the two modelled interface conditions is visible when the analysis
starts to reach the its ultimate capacity. The friction properties of interface 2 are slightly
lower compared to interface 1. This doesn’t result in a significant difference in structural
behaviour but more in a failure force reduction. This indicates that a small change in friction
parameters is not that important for the overall structural response but more in terms of
the ultimate load capacity.

It is important to mention that the deviation in overall structural response between the
experiment and the FE analyses is not only caused by improper modelling of the interface
material parameters. This deviation is mainly a combination of inaccuracy in material input
and numerical errors due to implemented crack models, material models and the precession
in element mesh. The experimental results could also be biased due to human errors or
equipment and measurement errors.

Figure 5.11 presents the load-displacement graph of specimen 3-1 corresponding to monitor-
ing point 4. The same structural behaviour is observed as the one for specimen 1-1. Both
graphs show a correct initial stiffnes but a different response for stiffnesses after the linear
stage.
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Figure 5.11: Force-displacement graph of specimen 3-1 corresponding to moni-
toring point 4
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Noticeable is that the results from Figures 5.10 and 5.11 are selected based on their cor-
rectness with the experimental results. This does not insinuate that the results from the
other monitoring points showed a complete different behaviour. Most of the results showed
a behaviour comparable with the above presented figures, but just to less extent.

5.4 Discussion

The goal of this chapter was to validate if interface elements are allowed to use as a modelling
technique for the contact area between a ribbed pile and slab with a failure mechanism
related to punching shear. The numerical results of specimens 1-1 and 3-1 shows good
agreement with respect to the failure mechanism. A clear cone element appeared during
the FEM analyses and the corresponding crack development shows strong similarities with
experiment observations. The structural responses of both analyses showed a deviation in
stiffness after completing the linear phase. The main reason is the decrease of stiffness of
the actual experiment after the first internal micro cracks occur, while the numerical model
loses its stiffness at a later stage.

- despite of the slight deviations in outcome in the FEM analysis, the results justify the
use of mean material parameters for modelling punching shear in atena;

- after the linear behaviour of the test specimen, the FEM analysis showed a more stiff
response in comparison with the response observed from the experiments. It is believed
that this is caused by the implemented smear crack concept. This cracking concept
responds with decreased stiffness to cracking first after the crack is fully developed.
During the experiment, cracking affects the response of the specimen as cracks are
initially formed. To overcome is difficulty, the fracture energy is reduced to decrease
the stiffness of the specimen;

- the FEM analyses were able to simulate the crack development that is related to
punching shear failure. Although the analyses didn’t showed a separate punching cone
at ultimate load level, the crack pattern insinuates the shape of a cone element;

- the way of modelling the contact surface between the ribbed pile and slab with interface
material in combination with friction properties is legitimate modelling technique. The
crack inclination, which is contact surface dependent, showed good agreement with the
experimental results;

- different contact surfaces can be modelled by varying the friction parameters.
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Chapter 6

Finite element modelling of
thesis objective

In this chapter the punching behaviour of structural slabs on top of ribbed foundation piles
is studied by means of FEM analyses. For the modelling a fictitious slab is considered as
illustrated in Figure 6.1.

Figure 6.1: Considered field element from a fictitious infinite flat slab
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6.1 General modelling considerations

Since the type of structural system is not within the range of available numerical and ex-
perimental data, only the validation model presented in Chapter 5 can give indications of
a proper modelling technique. Since these FEM simulations of laboratory tests conducted
by Braam et al. [16] show good agreement with the corresponding experimental results, the
contact surfaces between the foundation pile and slab are again simulated with frictional
interface elements.

6.1.1 Geometrical specifications

The modelled field element relates to a fictitious slab with spans of 4000 mm in both di-
rections and a height of 800 mm. A rectangular ribbed foundation pile of 250 x 250 mm
penetrates 500 mm into the slab. In order to reduce the required computer capacity, only a
quarter field element of Figure 6.2(a) has been modelled. A quarter is modelled instead of
an eighth to be able to model different contact properties per pile side.

Numerical errors often appear when concentrated prescribed displacements are assigned to
single element nodes, therefore rectangular 200 x 200 mm steel plates are modelled at slab
surface. The plates will avoid this numerical problem and spread the displacement over
multiple element nodes. All geometrical specifications are presented in Figure 6.2.

(a) Horizontal dimensions of field element (b) Vertical dimensions of field element

Figure 6.2: Geometrical specifications of the investigated field element

The foundation pile is modelled with a shortened length to minimize the amount of structural
elements which reduces the run-time of the analysis. This is allowed since the slab behaviour
is independent from the pile length.
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6.1.2 Boundary conditions and loading

In the symmetry planes boundary conditions were introduced such that free movement was
prevented in the direction with geometrical continuity. Steel plates are modelled at the
bottom of the pile and at the slab surface in order to represent stiff support surfaces.

The modelling principles are described by Figure 6.3. The green dots shown in Figures 6.3(a)
and 6.3(b) represents the constrains in x-axis and y-axis to simulate continuity. The bot-
tom of the pile is constrained in z-direction to simulate a fixed foundation pile. Fixed pile
movements in vertical direction are due to settlements highly debatable, but it goes beyond
the scope of this thesis.

The field element is subjected to a prescribed displacements of 0.25 mm per load step which
is located in the center of the steel plates, see Figure 6.3(d). The displacement controlled
loading method is used to analyse also the structural behaviour after failure.

(a) Boundary conditions x-axis (b) Boundary conditions y-axis

(c) Boundary conditions z-axis (d) Prescribed displacement

Figure 6.3: Boundary conditions and loading
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6.1.3 Material properties

During the study, for the concrete material fracture-plastic model CC3DNonLinCementitious2
for non-linear analyses is used as described in Chapter 4.

The concrete material parameters are based concrete class C30/37 which is commonly used
in practise. The concrete class has left unchanged during all analyses. The material prop-
erties are modelled with mean values to simulate the properties of a real experiment. The
material properties are given with Table 6.1.

ft fc Ec Gf εcp

[N/mm2] [N/mm2] [N/mm2] [N/m] [-]

2.90 38.05 32850 28.75 1.158·10−3

Table 6.1: Basic material properties for concrete slab

The foundation pile is modelled with linear material behaviour to prevent crack formation
in this structural member which is not of interest during this study. The modelled elastic
modulus of 38000 N/mm2 corresponds to a concrete class C55/67.

The steel plates are modelled with a linear stress-strain law. The supporting plates don’t
have a structural function and are only modelled for numerical reasons. Plastic deformation
of these supporting plates is not a point of interest. The modelled elastic modulus is 210000
N/mm2.

The reinforcement bars are modelled with bilinear material behaviour as described in sec-
tion 4.1.2. The material properties are base on reinforcement bars with a steel grade of B500,
which implies an elastic modulus of 200000 N/mm2 and a yield stress fy of 500 N/mm2.

6.1.4 Finite elements

The concrete slab is modelled by three dimensional solid linear tetrahedral elements. The
concrete pile and the steel plates are modelled with three dimensional solid linear brick
elements. As mentioned in Chapter 5, the choice for the linear tetrahedral elements instead
of quadratic elements is due to absence of required computer capacity. Although increased
number of integration points lead to more accurate FEM results [31], it requires also directly
more computer capacity.

The mesh density specially around the pile is increased to improve the accuracy of the
analysis in this important region of the slab. To reduce the total analysis capacity the other
regions of the slab are modelled with a relative coarse mesh, see Figure 6.4(a).

In the next paragraphs multiple force-displacement graphs are presented. The vertical dis-
placement is measured at two different surface locations. Monitoring point 1 is located
near the foundation pile to measure the displacement inside the punching cone perimeter.
Monitoring point 2 is located between the two supporting plates to measure the vertical
displacement outside the punching cone perimeter. Both monitoring points are shown in
Figure 6.4(b).
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(a) Mesh configuration (b) Monitoring points

Figure 6.4: Mesh configuration of modelled specimen and monitoring points

Table 6.2 shows the mesh type, element type and the number of elements per construction
member. It is noticeable that the choice for quadratic elements for the slab should increase
the number of element nodes enormously.

Macroelement Mesh type Element type Elements

Slab 3D tetrahedral linear 9190

Prefabricated pile 3D brick linear 452

Plates slab surface 3D brick linear 29

Plate pile base 3D brick linear 4

Table 6.2: Finite element mesh generation

6.1.5 Modelling scheme

The aims and the modelling scheme of the simulations are chronologically listed below. The
list describes the path along the study is elapsed:

1. simulate punching shear behaviour with different interface material properties;

2. adding reinforcement to slab;

3. adding antisymmetry to slab spans

6.2 Boundary limits

The modelling problem of this study is the interface behaviour of the contact area between
the ribbed foundation pile and the structural slab. The punching capacity is directly related
to the shear transfer between these two construction members. The solution of this problem
is limited to two ultimate situations. The lower boundary limit presents a sliding connection
and the upper boundary limit represents a perfectly connected contact area. The actual

65



Chapter 6. Finite element modelling of thesis objective

behaviour lies somewhere in the middle of these two boundary limits. In this paragraph
both boundary limits are analysed to study the differences in failure behaviour such as
crack development and slab displacements.

6.2.1 No interface connection

This situation presents a contact area without frictional properties. Related to this punch-
ing shear study, this situation could be a conservative assumption for modelling a smooth
pile. It is expected that the slab depth, accountable for punching resistance, is equal to the
distance between the pile top and slab surface.

Figure 6.5 presents a load-displacement graph of monitoring point 2. This is the relative
displacement with respect to the centre of the slab. Monitoring point 2 is located between
the prescribed displacements. The graph shows a failure load of 1100 kN corresponding to
a vertical displacement of 1.77 mm. The analysis results show plastic material behaviour
during the first load step, which suggests that the linear stage is reached after a load of
about 400 kN.
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Figure 6.5: Load-displacement graph of monitoring point 2 corresponding to
sliding connection

The rapid decrease of slab stiffness after the linear stage is explained by the increase of
cracked elements at slab surface located around the foundation pile. These cracks are caused
by hogging bending moments above the support. The bending stiffness is locally reduced
by the presence of the pile and the sliding contact connection between pile and slab. The
reduced bending stiffness at the region around the pile results in an increased slab deflection.
This deflection stimulates the increase of the crack width at slab surface.

The deformed shape of the slab at failure is shown with Figure 6.6. A scale factor of 50 is
introduced to make relative small deformations visible. The sliding behaviour of the con-
tact surface is clearly visible with the low values of vertical displacement just around the pile.
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Figure 6.6: Vertical slab displacement (z-axis) of field element after failure [m]
(scale factor = 50)

Two load steps are briefly discussed to show the crack width development during the anal-
ysis up to failure. Figure 6.7(a) shows the crack width at load step 2 which corresponds
to a displacement of 0.36 mm of monitoring point 2, see Figure 6.5. Although the crack
width during this load step is in the magnitude of micro millimetres, the interior crack
development insinuates the shape of a possible punching shear cone. The region around
the pile head is the only cracked zone in the total mesh. The crack length and width are
increasing during subsequent load steps. Figure 6.7(b) shows the crack width at failure,
corresponding to a displacement of 1.77 mm of monitoring point 2. The crack inclination
at failure is typical for punching shear which was expected. The shear crack angle is in
accordance with the observed shear crack angle of about 30◦ during experiments conducted
by Hallgren et al. [26]. This crack angle is typical for slender structures, where increased slab
deflections stimulate the crack width development. From this it can be concluded that the
sliding connection leads to a local reduction of the bending stiffness of the slab above the pile.

(a) Force = 660 kN (load step 2) (b) Force = 1100 kN (load step 8)

Figure 6.7: Crack width (no crack filter) of field element corresponding to no
interface connection [m]

The FEM analysis shows that the FIB Model Code 2010 [24] design code, which uses a
distance between pile head and slab surface as effective slab height is a conservative code.
It is noticeable that the design code assumes a penetrated column without ribs.
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6.2.2 Perfect interface connection

This situation corresponds to a perfect connection between the ribbed pile and slab. Re-
lated to this punching shear study, this situation could be a foundation pile monolithically
connected to a structural slab. This situation simulates the upper boundary limit. It is ex-
pected that due to the perfect connection the crack initiation starts at the bottom of the slab.

Figure 6.8 presents the load-displacement graph of the considered mesh with perfect inter-
face connections. The displacement corresponds to the vertical displacement of monitoring
point 2. The presence of perfect interface connection results in a failure load of 7118 kN,
which is significantly increased compared to the failure load of 1100 kN for the analysis
without any interface connection.
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Figure 6.8: Load-displacement graph of monitoring point 2 corresponding to
perfect interface connection

The brittle failure behaviour of punching shear is clearly visible in this graph. Without
any warning the slab fails and the load drops. The deformed shape of the slab at failure is
shown in Figure 6.9. A scale factor of 50 is introduced to make relative small deformations
visible. The perfect connected behaviour of the contact surface is clearly visible with the
vertical displacement of the surrounding concrete around the pile. This figure indicates also
the crack angle of the punching cone. The shear crack propagates over the full slab height
at an angle of about 55◦, measured between the shear crack and the horizontal plane. This
crack angle is in accordance with the observed punching angles of about 50◦ to 60◦ during
experiments conducted by Nylander et al. [36]. These results are highly usable because the
experiments consist of specimens with a low span-depth ratio. This is a considerably steeper
angle than the shear crack angles observed in punching shear tests of more slender slabs [26].

The difference in shear crack angle is explained by the difference in bending stiffness related
to the slenderness ratio. A high slenderness ratio corresponds to relative thin slabs which
are more sensitive for bending. The increased deflection will stimulate the crack width de-
velopment at slab surface, which is undesirable. Low slenderness ratios are less sensitive
for bending and more sensitive for shear forces. This leads to a shear crack angle of about
50◦. From this it can be concluded that the full slab height is accountable for the bending

68



Chapter 6. Finite element modelling of thesis objective

stiffness, also the region around the foundation pile. This in contrast to the analysis with
no interface connection, where the pile caused a local decrease of bending stiffness.

Figure 6.9: Vertical slab displacement (z-axis) of field element after failure [m]
(scale factor = 50)

Figure 6.10 shows the crack width development during the analysis. During the first two
load steps the concrete material is still elastic, this is shown in Figure 6.10(a). The mesh is
free of cracks and the slab will return to its original state after removing the load. Load step
2 is related to a load of 1422 kN and corresponding displacement of 0.22 mm, see Figure 6.8.

After the linear stage, the plastic development starts directly above the pile head and spreads
at the slab surface towards the element edges, see Figure 6.10(b). This radial crack is in
correspondence with the crack development during the experiment conducted by Braam et
al. [16] described in Chapter 5. The concrete strain at this load step is only located around
the circumference of the pile. During subsequent load steps the radial cracks at slab surface
start to increase in length and the first internal cracks start to develop.

At load step 11, Figure 6.10(c), the internal strain results in a crack width of about 0.1 mm.
The crack width in the region above the pile head has doubled to about 0.2 mm. From this
load step the possible punching cone element is already visible. Figure 6.10(d) presents the
crack state just after failure. It is clearly visible that the crack width starts at the bottom of
the slab and develops at an angle to slab surface. This indicates that with the assumption of
perfect interface connection the full slab height is accountable in punching shear verification.

The assumption of a perfect connection is a progressive statement which will overestimate
the actual behaviour. During the next section, different friction properties will be studied
to find the optimal Mohr-Coulomb friction parameters.
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(a) Force = 1422 kN (load step 2) (b) Force = 3888 kN (load step 6)

(c) Force = 6345 kN (load step 11) (d) Force = 6810 kN (load step 14)

Figure 6.10: Crack width (no crack filter) of field element corresponding to
perfect interface connection [m]

6.3 Parameter study

The boundary limits described in the previous section are not realistic from practical point
a of view. The actual behaviour of the contact area lies somewhere in the middle of these
ultimate conditions. It is a point of interest to know at which friction properties the full
slab height is accountable for punching shear verification. That is why a parameter study is
conducted for various combinations of cohesions and friction coefficients. To prevent mag-
nitudes which are not usable from practical point of view, the range for both parameters
are based on the results of experimental studies on shear capacity [20, 29]. This resulted in
a range for the cohesion from 0.0 to 1.5 and a friction coefficient range from 0.0 to 1.6.

The goal of this parameter study is to find a transition point at which the shear transfer
capacity of the contact surface is increased with such a magnitude that the final punching
crack starts at the bottom of the slab. This implies a punching failure mechanism which ac-
counts the full slab height, resulting in a significantly increased failure load. All geometrics
and material properties are left unchanged during this study. Table 6.3 contains the results
of all numerical analyses. The failure load is presented as a function of the cohesion and
the coefficient of friction. The failure load of 1084 kN for the analysis with both friction
properties equal to 0.0 corresponds like expected to the failure load of 1100 kN for the lower
boundary limit discussed in the previous paragraph. The failure loads corresponding to a
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friction coefficient of 1.6 are about 20% less compared to the perfect bond connection. A
capacity increase of 20% is possible with higher friction coefficient values. From practical
point of view a greater value than 1.6 is not reachable and therefore not analysed.

Cohesion [N/mm2]

0.0 0.2 0.5 0.7 1.0 1.5

F
ri

ct
io

n
co

ef
.

[-
] 0.0 1084 1120 1108 1092 1093 1030

0.2 1260 1300 1252 1235 1274 1273

0.5 1768 1778 1773 1770 1735 1768

1.0 2584 2534 2559 2486 2473 2525

1.4 5885 5638 5708 5813 5850 5791

1.6 5792 5806 5761 5708 5917 5820

Table 6.3: Failure loads corresponding to various combinations of friction coef-
ficients and cohesion [kN]

Figure 6.11 shows a surface chart of the contents shown in Table 6.3. The influence of the
friction coefficient is clearly visible with the steep slope between a coefficient value of 1.0
and 1.4.
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Figure 6.11: Surface chart with failure loads corresponding to various combina-
tions of friction coefficients and cohesion

First of all, it can be observed that increasing the cohesion parameter doesn’t affect the fail-
ure load. This absence of increased capacity holds for all investigated friction coefficients.
Cohesion is the term for the force attraction between the two layers of concrete and is formed
by a combination of a chemical reaction and micro roughness on both sides of the concrete.
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From practical point of view this is important information. When two different concrete lay-
ers are cast at different times, the chemical reaction between both concrete mixtures is very
limited since the concrete mixture of the foundation pile is already hydrated. No chemical
reaction at all between the two construction members is for that reason a conservative but
practical assumption. Typical values for the cohesion of monolithic concrete is in the range
of fc/4 [17]. This is based on a connection caused by chemical reactions. This means for the
modelled concrete compression strength of 38.05 N/mm2, the cohesion magnitude should
be in order of 9.5 N/mm2 to ensure a perfect cohesion. Since experimental studies [20, 29]
into friction parameters found cohesion values up to 1.7 N/mm2, the order of magnitude to
reach perfect connection is out of the range. That is why the shear transfer capacity is not
positively influenced by low values of cohesion.

On the positive side, increased values of friction coefficients lead to significantly more punch-
ing capacity of the slab. This coefficient describes the ratio of the force of friction between
two bodies and the force pressing them together. The compression force results from the
bending component in combination with the confined slab. The coefficient of friction de-
pends on the used materials, e.g. ice on rubber has a low coefficient of friction, while steel
on rubber relates to a relative high coefficient of friction. A significantly increase in slab
capacity occurs between a coefficient of 1.0 and 1.4, which is clearly shown in Figure 6.11.
The difference in failure load is explained with the difference in failure mechanism.

Roughly two failure mechanism can be distinguished:

1. punching cone starting from pile head to slab surface;

2. punching cone starting from slab bottom to slab surface.

The first mechanism occurs for friction coefficient values less or equal to 1.0 and the second
mechanism occurs for coefficients values more than 1.4. Between these two clear failure
mechanisms, a transition zone appears. This transition zone is described with unpredictable
failure behaviour. A cross-section of Figure 6.11 is shown in Figure 6.12 for a constant
cohesion value of 1.0 N/mm2. The three distinguished zones are discussed during the next
sections.
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Figure 6.12: Failure load - Friction coefficient graph (Cohesion = 1.0 N/mm2)
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6.3.1 Failure mechanism 1

The first mechanism occurs when the friction parameters of the contact area are not capable
of transferring the introduced shear forces from slab to foundation pile. From theoretical
point of view this means:

τE ≥ τR (6.1)

Where τE = applied shear stress [N/mm2]

τR = resisting shear stress [N/mm2]

The τR is calculated by making use of equation (2.14) which consists both friction parame-
ters. The result is sliding contact surface with a punching cone which starts at the pile head
towards the slab surface. Figure 6.13 shows the development of principal fracture strain
which is typical for this failure mechanism. The shown strain development is related to a
cohesion of 1.0 N/mm2 and a friction coefficient of 1.0.

Like presented in Table 6.3, this combination of parameters correspond to a relative low slab
capacity due to the small punching cone perimeter. Figure 6.13(b) shows the final fracture
strain at slab failure which indicates that only the topside of the slab is accountable for
punching resistance. The punching cone shows similarities with the punching cone shown
in Figure 6.6, representing no interface connection between pile and slab.

(a) Force = 1710 kN (load step 3) (b) Force = 2451 kN (load step 7)

Figure 6.13: Development of principal fracture strain [-] (c = 1.0 N/mm2, µ = 1.0)

6.3.2 Transition zone

Figure 6.12 indicates that there is a turning point in failure mechanism between the cor-
responding friction coefficients. FEM analyses show that the area between the 1.0 and 1.4
is a transition area with unpredictable punching shear behaviour. This is visible with the
different graphs shown in Figure 6.14. The blue line represents the structural behaviour
corresponding to a friction coefficient of 1.2 and a cohesion of 1.0 N/mm2. The line is un-
predictable and doesn’t show a clear failure mechanism. The blue line insinuates that after
the first cone element has developed from pile head to slab surface, each following load step
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results in a piecewise failure of the interface area which stops when the bottom of the pile has
been reached. From practical point of view, this could be the piecewise failure mechanism
of separate ribs on a pile during a load increment. The red and green line, corresponding
to respectively a friction coefficient of 1.0 and 1.4, show a more predictable and smooth
behaviour with a clear failure load.
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Figure 6.14: Load-displacement graph of monitoring point 2 corresponding dif-
ferent friction coefficients (Cohesion = 1.0 N/mm2)

Figure 6.15 shows the fracture strain at failure. The final shear crack propagates from top
to bottom, which corresponds to the large punching cone. It is the unpredictable behaviour
up to the failure load which makes the friction coefficient of 1.2 undesirable.

Figure 6.15: Principal fracture strain at failure [-] (c = 1.0 N/mm2, µ = 1.2)
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6.3.3 Failure mechanism 2

During the analysis with perfect shear transfer, the reached failure load was 7118 kN. This
failure load differs with about 20% from the failure load corresponding to a friction coeffi-
cient of 1.4. The reason for this increase is the difference in failure mechanism compared to
the mechanism which occurred with a friction coefficient of 1.0.

Like shown in Figure 6.16, the full slab height is accountable for punching resistance. This
is caused by an adequate shear transfer between pile and slab. Figure 6.16(a) corresponds to
the linear stage which is visible by extremely small magnitudes of the strain. Figure 6.16(c)
shows what happens when the contact surface is capable of shear force transfer. After ’failure
mechanism 1’ is fully developed from pile head to slab surface, the second internal punching
cracks start to develop. This second crack initiation introduces a new failure mechanism
with relating increase of failure load. Because the larger the punching cone, the greater the
concrete resistance against this failure mechanism. Figure 6.16(d) corresponds to an applied
load just after failure. The final occurred failure mechanism shows strong similarities with
perfect interface connection.

(a) Force = 1382 kN (load step 2) (b) Force = 4069 kN (load step 7)

(c) Force = 5832 kN (load step 12) (d) Force = 5824 kN (load step 14)

Figure 6.16: Development of principal fracture strain [-] (c = 1.0 N/mm2, µ = 1.4)
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6.3.4 Numerical analyses vs. experimental studies

During the parameter study various combinations of friction parameters are investigated.
The result is that for the modelled field element, the friction coefficient should be at least
1.4 for a failure mechanism which accounts the full slab height for punching shear resistance.
This failure mechanism is highly desirable since this results in a significant increase of the
slab capacity. From the value of 1.4, the contact area is capable enough to transfer the
introduced shear stresses from slab to pile. The result is that the length of the penetrated
pile is accountable in the total length of the effective depth of the slab. For values less than
1.4, the applied shear stresses are larger compared to the shear resistance, resulting in a
small punching cone.

Although extensively experimental research into ribbed surfaces is necessary to determine
the practical friction parameters, the current knowledge shows (discussed in section 2.4)
that the found parameters during the FEM analyses are not necessarily unreachable from
practical point of view. The coefficient of friction is the critical parameter. Based on ex-
perimental results, the minimum required value is feasible. It is important to mention that
these results are without safety factors. If safety factors are taken into account, like in the
Dutch design code EC 2 [10], the minimum required friction coefficient is not complied. The
EC 2 prescribes a friction coefficient of 0.9 for indented surfaces which corresponds with
respect to the numerical analyses to a reduced slab capacity.

Extensively research into the shear capacity of ribbed surface is necessary to verify the need
of a safety factor.

6.4 Influence of reinforcement

The specimen considered in the previous sections are unreinforced structural slabs. The
influence of longitudinal reinforcement on the punching shear strength is debatable since
the American design code ACI 318-08 [1] doesn’t include a reinforcement factor in its veri-
fication formula, while the Eurocode 2 [10] accounts for present reinforcement. During this
section a comparison is made between different reinforced slabs. The modelled reinforce-
ment is divided into longitudinal reinforcement (bending reinforcement) and stirrups (shear
reinforcement). By dividing the types of reinforcement over multiple analyses, the influence
can be obtained separately from each other. The interface conditions (c = 1.0 and µ = 1.5)
are unchanged during the analyses.

6.4.1 Bending reinforcement

The slab is firstly modelled with a longitudinal reinforcement grid of ∅25-200 at the top
and bottom side of the slab. This represents a reinforcement ratio of 1.23 %, which is an
often used reinforcement ratio from practical point of view [53]. Figure 6.18 presents the
modelled reinforcement layout.

The influence of longitudinal reinforcement is as expected not significantly with regard to
the punching shear capacity. The failure load increased from 5699 kN to 6062 kN, which is
an increase of about 6%. Figure 6.17 shows a load-displacement of both analysis.
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Figure 6.17: Reinforced vs. unreinforced load-displacement graph (c = 1.0 and
µ = 1.5)

The slight increase of the slab capacity is explained by the rather low span/depth ratio of
the considered slab. The combination of shear forces and bending moments cause punching
failure [13]. Due to the small span with respect to the slab height, the failure mechanism de-
pends more on the bending moments than to the shear forces. Because the bending moments
are not governing in the occurring failure mechanism, the influence of flexural reinforcement
is almost negligible. This is experimentally validated by Hallgren et al. [36] with punching
shear tests on column footings with low span/height ratios. Their conclusion was that the
ratio of flexural reinforcement only slightly influenced the punching shear strength. The
brittle behaviour is explained by Figure 6.18 which shows the principal stress of the rein-
forcement at failure.

Figure 6.18: Principal stress of bending reinforcement at failure [N/mm2]
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Longitudinal reinforcement bars become active when the flexural deformation starts to in-
crease in tensile regions. These regions are above the support and at mid-span. The maxi-
mum tensile stress in the reinforcement bars reach a magnitude of about 104 N/mm2. This
is just 20% of the modelled steel capacity. The unreinforced slab shows a more ductile
behaviour before slab failure due to the increased crack widths with corresponding stiffness
reduction. These crack widths are limited during the analysis with longitudinal reinforce-
ment.

The occurring crack pattern during failure shows strong similarities with the pattern ob-
served during experimental studies with two-way reinforcement [48]. The occurring crack
pattern behaves like a net, especially in the area near the column. The explanation for this
crack pattern is the state stress that is orientated to the direction of the reinforcement. This
direction results in a bi-directional stress state, which causes a crack pattern as shown in
Figure 6.19.

(a) Crack pattern according to FEM (b) Crack pattern according to ex-
periment [48]

Figure 6.19: Top view of specimen with cracked elements after failure (no crack
filter)

The crack development observed during FEM analyses without bending reinforcement showed
a more predictable pattern with one or two concentrated major cracks. The presence of re-
inforcement steel leads to an increased number of cracks but simultaneously to a crack width
reduction.

6.4.2 Shear reinforcement

Shear reinforcement is added to the numerical model. It is expected from experimental
results based on slabs with shear reinforcement [36] that adding stirrups has a positive influ-
ence on the slab capacity. Especially for slabs with low slenderness ratios, where shear forces
are more governing compared to the bending forces. Stirrups are situated near the founda-
tion pile where high values of shear stress are located. The shear force transfer mechanism
is presented according to the so called truss analogy. The analogy makes use of compression
struts and tensile ties as mechanism to transfer shear forces. Concrete behaviour is weak
under tension which results in fracture of the tensile tie. By adding shear reinforcement at
these locations, the steel functions as tensile ties in the truss analogy. This results in an
increased shear capacity of the slab.
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The goal is to investigate to what extend stirrups does influence the failure mechanism and
therewith the slab capacity. The modelled ∅16-150 stirrups are based on practical assump-
tions [53]. Figure 6.20 shows a top view the pile with both bending and shear reinforcement
layouts.

Figure 6.20: Shear reinforcement layout located around the foundation pile

During the analyses without reinforcement, it was concluded that the influence of the co-
hesion is neglectable for the slab capacity. It was the friction coefficient which influenced
the failure load. It is against this background that during this section the cohesion remains
constant at 0.5 N/mm2 and only the friction coefficient variates. The modelled friction
parameters are in accordance with Table 6.3.

As expected, the slab capacity increased significantly with shear reinforcement, as shown
in Table 6.4. This emphasises the conclusion that for slabs with a low span to depth ratio,
the shear failure is the decisive failure mechanism. Table 6.4 presents the failure load corre-
sponding to analyses with shear reinforcement and without shear reinforcement.

Friction coefficient Failure load without stirrups Failure load with stirrups Ratio

[-] [kN] [kN] [-]

0.0 1108 4165 3.8

0.2 1252 5079 4.1

0.5 1773 8276 4.7

1.0 2559 10824 4.2

1.4 5708 11220 2.0

1.6 5761 11240 2.0

Table 6.4: Comparison of failure load for slab with and without shear reinforce-
ment
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First of all it is noticeable that for all friction coefficients an increase of slab capacity is
observed. A change in failure load ratio occurs between a friction coefficient of 1.0 and 1.4.
The ratio for friction coefficients up to 1.4 is roughly a factor four, while during analyses
with coefficients from 1.4 a ratio is observed of roughly two. The increase of slab capacity
is clearly visible with the graphs shown in Figure 6.21.
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Figure 6.21: Failure load - Friction coefficient graphs (c = 0.5 N/mm2)

It is important to mention that from a friction coefficient of 1.0 the failure behaviour changed
from brittle to ductile. This change in behaviour results in an inaccurate failure load due to
the absence of a clear drop after slab failure. This is explained by the structural behaviour
graphs shown in Figure 6.22.
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Figure 6.22: Load - Displacement graph for different friction coefficients
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For all different friction coefficients the corresponding structural behaviour is shown. The
load - displacement graphs can roughly be divided into two failure mechanisms:

- brittle failure, which is characterised by a sudden failure;

- ductile failure, which is characterised by a rapid increase of deflection for al slight
increase of load.

Both failure mechanisms are discussed in the next sections.

Brittle failure

The brittle failure mechanism is characterised by a sudden failure along an inclined crack.
This mechanism relates to a failure without structural warning, e.g. large deflection before
failure. This failure mechanism is observed for friction coefficients up to 1.0.

The slab capacity increased from 1773 kN to 8276 kN for a friction coefficient of 0.5 by the
addition of shear reinforcement. This is an increase of about the factor 4.7, which is caused
by an increased shear capacity. The addition of the modelled shear reinforcement does not
result in a different failure mechanism. The shear transfer between pile and slab is increased
but not adequate to develop a punching cone over the full slab height. The crack initiation
starts at the top area of the foundation pile. This is shown in Figure 6.23, which presents
the principal fracture strain of the concrete at slab failure. This figure corresponds to a
friction coefficient of 0.5, nevertheless, the observed crack development also applies to lower
coefficient values. The inclined shear crack is clearly visible.

Figure 6.23: Principal fracture strain at failure [-] (c = 0.5 N/mm2, µ = 0.5)

The brittle behaviour is explained by the stress and strain state of the reinforcement at
failure, shown in Figure 6.24.

The yield stress of 500 N/mm2 is only reached in the inner stirrups, while the outer stirrups
are practically not active. This indicates that not all stirrups are fully used in the shear
transfer mechanism. The principle strain shown in Figure 6.24(b) shows that only a very
small part of all stirrups are subjected to a strain which reaches the failure strain of 45h
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(a) Principal stress [N/mm2] (b) Principal strain [-]

Figure 6.24: Principal stress and strain at failure (c = 0.5 N/mm2, µ = 0.5)

for steel bars. All other stirrups are only subjected to very low magnitudes of strain. The
reinforcement bars have a great capacity left before failure. This indicates that the failure
is caused by concrete fracture and therefore the corresponding brittle failure behaviour.

Ductile failure

The ductile failure is characterised by rapid increase of the deflection for a slight increase of
the load. This mechanism is highly desirable since large deflections indicate an upcoming
failure.

Figure 6.25 presents the principal fracture strain of the concrete at a load of 10984 kN cor-
responding to a friction coefficient of 1.6. The zones with high values of concrete fracture
strain indicate the perimeter of the punching cone. The presentation of strains is also ob-
served for friction coefficients with a value more than 1.0.

Figure 6.25: Principal fracture strain at failure [-] (c = 0.5 N/mm2, µ = 1.6)
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A friction coefficient of 1.0 is adequate to ensure an active shear transfer from pile to the slab.
The result is that all stirrups are optimal used in the truss analogy for shear transfer. This
results in a shift of the shear crack propagation from the foundation pile to the outer stirrups.

The ductile structural behaviour is explained by Figure 6.26, which shows the stress and
strain state of the reinforcement before failure.

(a) Principal stress [N/mm2] (b) Principal strain [-]

Figure 6.26: Principal stress and strain at failure (c = 0.5 N/mm2, µ = 1.6)

All shear reinforcement bars reach the yielding stress of 500 N/mm2, which indicates that
all bars are active in the shear transfer. Because all stirrups are active, the shear crack
shifts away from the pile towards the outer stirrups. Figure 6.26(b) shows that the bars do
not have reached their ultimate strain capacity. This means that the displacement could
increase further until the ultimate steel strain of 45h is reached.

6.5 Influence of a smooth pile surface

Up to this paragraph, the foundation pile is modelled with ribbed interface properties at
two sides, which represents a pile with four ribbed sides because of the introduced symme-
try lines. Usually, manufacturers fabricate foundation piles in horizontally orientated steel
moulds. After concreting the pile, it is more convenient to smooth the top surface. The
results is a pile with three ribbed sides and one smooth side. The numerical simulation of
a pile with three ribbed sides and one side smooth is not performed because of symmetry
reasons. Therefore, an analysis to a pile with two smooth sides and two ribbed sides is
performed.

From chapter 5 it can be concluded that the influence of one smooth side was not signifi-
cant for the final the punching shear crack. Noticeable is that the considered specimen was
prestressed, which resulted in an increased shear capacity of the contact area with respect
to the Mohr-Coulomb friction law due to the increase of compression forces.

Bases on chapter 5, it is expected that the presence of one smooth side will not result in
a significant change of failure mechanism. The friction properties of the smooth side are
based on the Eurocode 2 [10] provision, see Table 2.3. The friction properties of the ribbed
side are based on the results of the parameter study.
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Table 6.5 presents the modelled surface conditions with the associated friction properties.
The analysis is conducted with the presence of bending and shear reinforcement.

Surface condition Cohesion Friction coefficient

[N/mm2] [-]

Smooth surface 0.5 0.2

Toothed surface 1.0 0.5

Table 6.5: Surface conditions with associated cohesion and friction coefficient
values

Figure 6.27 shows the load-displacement graphs up to failure of both analyses. It is visible
that the ultimate failure load is practically the same for both analyses. A difference in
structural behaviour is noticed after the linear stage. The reduction of structural stiffness
is explained by the crack formation at the region around the smooth side of the pile. The
decrease in shear transfer capacity of the smooth contact area results in an increased crack
development.
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Figure 6.27: Load - Displacement graph for different pile conditions

The decrease of slab stiffness after the linear stage for the analysis with the smooth side
is also visible by Figure 6.28. Initially, the reduced shear capacity of the smooth pile side
results in a small punching cone. This is visible with the reduced slab stiffness after the
linear stage. After the small punching cone has fully developed, a latter punching cone starts
to develop. From this point, the slab behaviour with the smooth side is similar to the slab
behaviour with four ribbed sides. This is visible by the same structural stiffness after a load
of about 4000 kN.
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(a) Two ribbed sides (b) Four ribbed sides

Figure 6.28: Principle fracture strain at failure for different pile conditions [-]

It can be concluded that the influence of two smooth pile sides is not significant with respect
to the failure load and the overall structural behaviour. A slight decrease in structural
stiffness is observed after the linear stage which is caused by crack formation at the smooth
pile side. After this crack formation, the stiffness is similar to the stiffness of the specimen
with four ribbed sides.

6.6 Non symmetric load conditions

Up to this section, the punching shear behaviour is studied for symmetric load conditions.
These conditions are ideal situations with respect to deflections and the corresponding dis-
tribution of stresses in a concrete slab. Load eccentricity introduces additional bending
moments and affects the shear stress distribution. However, in practice, there are many
instances where loading, geometry and reinforcement around foundation piles differ signif-
icantly from ideal axis-symmetrical conditions. During this section the influence of non
symmetric conditions on the punching behaviour is analysed.

Eurocode 2 [10] provides a β factor (≥ 1.0) to account for eccentricities. The external punch-
ing load should be multiplied by this β factor which depends on the rate of eccentricity, i.e.
internal columns or edge columns. For internal columns a β factor of 1.15 can be used as
approximation [11].

To add non symmetry to the model, one of the two steel supporting plates is removed from
the slab surface. All other geometrical properties of the slab are left unchanged. Figure 6.29
presents the introduced non symmetric model.
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Figure 6.29: Considered field element with non symmetric load condition

In 2010, Sagaseta et al. [33] investigated the punching shear capacity of non axis symmetrical
slabs without transverse reinforcement. Square specimens of 3000 x 3000 mm and a depth
of 250 mm were tested. The specimens were vertically supported at four locations near the
specimen edge. A centric located pile force generated a displacement controlled load.

The experimental set-up and the observed crack pattern are shown in Figure 6.30.

(a) Set-up non symmetric punching tests (b) Crack pattern after failure

(c) Transverse section along y-axis (d) Transverse section along x-axis

Figure 6.30: Results experiment of Sagaseta et al. [33]

Although this experiment has been carried out with a relative thin slab, the absence of
research into non symmetric load conditions for thick slabs makes it still usable. The ex-
perimental results show an elliptical punching cone with a clear difference in shear angle
between the y-axis and x-axis. The angle for the punching cone in y-direction is approxi-
mately 25◦ (angle between bottom of slab and shear crack) while the angle in the x-direction
is approximately 45◦. The non symmetric load conditions decreased the slab capacity from
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1000 kN to 875 kN, indicating a reduction of 13%. This factor of 13% fits perfectly with the
approximation β factor introduced in the Eurocode 2. The reason for the great difference in
shear crack angle is due to the slender specimen geometry. Thin slabs (with respect to the
span) are more sensitive for slab deflections due to the relative low bending stiffness. Non
symmetrical load conditions for slender slabs introduce unequal slab deflections in y-axis
and x-axis, resulting in a different shear crack angle and a reduced slab capacity.

Contrary to the experimental specimen with a slenderness ratio of 12, the FEM specimen is
with a ratio of 5 much less slender. The slab height is three times as large compared to the
experimental specimen. The relative large slab thickness results in a high bending stiffness.
This results in a smaller difference for the slab deflection in x-axis and y-axis. Because the
deflection are less different, the shear crack angle is only slightly influenced. This is shown
with the principal fracture strain development shown in Figure 6.31.

(a) Force = (load step 5) (b) Force = kN (load step 9)

(c) Force =kN (load step 13) (d) Force = kN (load step 16)

Figure 6.31: Development of principal fracture strain with non symmetric load
condition [-] (c = 0.7 N/mm2, µ = 1.4)

During the analysis a non symmetric crack development is noticed at slab surface due to the
absence of symmetrically located supporting plate, shown in Figure 6.31(b). The magnitude
of the fracture strain is relatively low which indicates only micro crack development. The
shear cracks shown in Figure 6.31(d) show a slight difference in crack angle. The angle in
y-axis is approximately 40◦ while the angle in x-axis is approximately 50◦. The increased
shear angle in x-axis is in correspondence with the experiment. Only the magnitude of de-
crease is much less due to the difference in bending stiffness.
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Figure 6.31 shows that a non symmetric load condition only slightly affects the punching
cone perimeter with respect to symmetric conditions. This is also visible by comparing both
failure loads for non symmetric and symmetric load conditions. Although the increase is less
than 4%, the slab capacity increased from 5761 kN to 5984 kN corresponding to a friction
coefficient of 1.6. This is against expectations, since both codes and experiments introduce
a reduction factor for the slab resistance. This doesn’t seem an exception since the same
amount of failure load increase is noticed for the analysis with a friction coefficient of 0.2,
which increased from 1235 kN to 1292 kN.

The positive influence of the non symmetric load condition on the slab capacity is caused
by the extra bending moment. This introduces a slight increased compression stress distri-
bution perpendicular to the bottom part of the pile surface. An increased compression force
results in a greater shear resistance with respect to the Mohr-Coulomb law. The difference
in normal stress distribution between both analyses is shown in Figure 6.32

(a) Symmetric load conditions (b) Non symmetric load conditions

Figure 6.32: Normal interface stress [N/mm2] (c = 0.7 N/mm2, µ = 0.2)

The normal stress distribution increases by the addition of non symmetric load conditions.
The result is a greater shear force resistance of the interface material. The slight increase of
normal stress explains the relative small failure load increase of about 4%.
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Chapter 7

Conclusion and
recommendations

7.1 Introduction

The objective of this study was to investigate the structural behaviour with respect to
punching shear of structural slabs on top of ribbed foundation piles loaded in compression.
This objective includes the question which punching cone element will occur at slab failure,
the small cone or the large cone.

Many three-dimensional non linear finite element analyses have been performed. The con-
clusions that can be drawn from the FEM analyses are summarised in the first part of this
chapter. The second part consists of recommendations for future work.

7.2 Conclusions

The FEM analyses are able to simulate the punching shear failure mechanism with asso-
ciated crack development in accordance with experimental observations. These numerical
results justify the use of the interface material for modelling the contact area between the
ribbed pile and structural slab for punching shear analyses. Different surface conditions of
the pile can be simulated by a proper choice of friction parameters. The modelled friction
parameters for the smooth and ribbed side of the pile showed good agreement with the
experimental results with respect to shear crack propagation.

The FEM analyses showed after the linear stage a somewhat stiffer response than the ex-
periments. It is believed to derive from the smeared crack formulation that is used in the
concrete model. This cracking model responds with decreased stiffness to cracking first af-
ter the crack is fully developed. During the experiment, cracking affects the response of the
specimen as cracks are initially formed. To overcome this difficulty, the fracture energy is
reduced to decrease the stiffness of the specimen.

In the light of the validation chapter, FEM analyses are conducted for a case study. The goal
of the chapter was to analyse the punching behaviour for different Mohr-Coulomb friction
parameters. This friction law, which consist of a cohesion and a coefficient of friction pa-
rameter, determines the shear transfer capacity between slab and pile. From FEM analyses,
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it can be concluded that the influence of the cohesion is neglectable for the punching failure
mechanism. A study to the cohesion parameter is conducted for a range from 0.0 up to 1.5
N/mm2 and no significantly increase of slab capacity is observed. The analyses show that
the coefficient of friction parameter controls the occurring failure mechanism. Friction val-
ues from 0.0 to 1.0 show a shear crack propagation from pile head towards the slab surface.
The mechanism corresponds to a relative small failure load due to the small punching cone
perimeter. An active shear transfer from slab to pile is observed for friction coefficients of
1.4 or greater. This results in the most optimal shear crack propagation from slab bottom
to slab surface. This latter punching cone ensures a slab capacity which is more than twice
as high compared to relative small punching cone.

The FEM analyses show that the addition of bending reinforcement only slightly increases
the slab capacity. This is caused by the absence of large deflection due to the high bending
stiffness which is typical for slabs with a low slenderness. However, the addition of shear
reinforcement is highly effective for the slab capacity. For friction coefficients of 0.0 to 1.0,
an increase of roughly four times the initial failure load is observed. The failure load dou-
bles for friction coefficients equal or greater than 1.4. A clear change in failure behaviour
from brittle to ductile is noticed between a friction coefficient of 0.5 and 1.0. The brittle
behaviour is characterised by a sudden failure while the ductile failure is characterised by
large deflections before failure. The change in failure mode is caused by yielding of the shear
reinforcement, which relates ductile material behaviour.

The analyses with non symmetric load conditions showed a slight increase of slab capac-
ity. This increase is about 4% of the failure load for symmetric conditions. This increase
is explained by the increased compression stress distribution at the contact area between
pile and slab. This increase has a positive influence on the shear capacity of the interface
material.

All analyses taken into account, it can be concluded that for structural slabs provided with
shear reinforcement and a foundation pile with at least two ribbed sides, a fully punching
cone develops.

7.3 Recommendations

The recommendations focus on the finite element analysis. This study has exclusively been
conducted by means of non linear finite element analyses. FEM analyses are convenient and
economically efficient to use compared to full scale laboratory testing that are seldom an
alternative due to high costs. The performed analysis show that with a proper knowledge
about finite element modelling, experiments can be simulated by numerical models.

Approximations for the Mohr-Coulomb friction parameters are based on experimental stud-
ies for indented, toothed and combed surfaces. In order to verify the friction parameters of
ribbed surfaces a series of laboratory tests need to be conducted.

It is important to emphasise the need for further assessment of safety factors in order to
account for proper design margins when employing results from FEM analyses in structural
design. This applies especially for the investigated Mohr-Coulomb friction law parameters.

The modelled shear reinforcement bars were only used in this study to investigate the influ-
ence on the punching behaviour. Determining the number and position of the bars and the
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diameter was beyond the scope of this work. The modelled reinforcement is based on practi-
cal assumptions without any variations in the amount and locations of the bars. However, a
more economic design is possible when additional analyses are performed for the mentioned
properties.

It is recommended to conduct more research on asymmetric load conditions. The performed
FEM analyses are not extensively enough to draw clear conclusions and give recommenda-
tions for practical use.

Furthermore, long term effects such as shrinkage and creep were not included in these anal-
yses. It is recommended to do further studies, including time dependent strength effects.
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[48] H. Nylander S. Kinnunen. Punching shear of concrete slabs without shear reinforcement.
Royal Institute of Technology, Stockholm, Sweden, 1960.

[49] Blijleven Sloopwerken. http://www.blijleven.info.

[50] M. A. Staller. Analytical studies and numerical analysis of punching shear failure in
reinforced concrete slabs. TRITA-BKN, Bulletin 57, 2000.

[51] L. Jendele V. Cervenka, J. Cervenka. ATENA Program Documentation - Theory. Cer-
venka Consulting Ltd., Prague, Czech Republic, 2011.

95



Bibliography

[52] J. Walraven. Fundamental analysis of aggregate interlock. Delft University Press, Delft,
The Netherlands, 1980.

[53] J. Walraven. CIE3150 - Gewapend Beton. Delft University of Technology, Delft, The
Netherlands, 2011.

[54] Winvast. http://www.winvast.nl.

[55] J. Wood. Quantitative study of the causes of the partial collapse on 20th March 1997.
Structural Studies & Design Ltd, Chiddingfold, United Kingdom, 2006.
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Appendix C

Encountered modelling
problems

Convergence criteria (within line search) not satisfied due to eta limit, contin-
uing superordinate iteration

It is a warning about the line search iterations. This method only helps to stabilize the
convergence process. Normally, the solution parameters are defined such that only 1-2 line
search iterations are performed in each step. Thus, it is quite normal that it is not enough
for this method to fully converge, but it is not a problem and the main important thing is
that at the end each analysis step converges.

Problems using the interface material on contacts

The interface material settings with tensile strength, cohesion, and friction coefficient all
zero are very likely to cause numerical problems. The friction coefficient is hardly ever lower
than 0.1 (maybe except an oiled surface), if you have no better measurement/estimate, 0.3-
0.5 are usually not far from reality. Cohesion always has to be greater than (or at least
equal to) tensile strength times the friction coefficient, i.e., c ≥ ft · µ.

A good starting value for both initial stiffnesses is about 10 times the stiffness of the adjacent
elements:

Econcrete

element size
· 10

The residual stiffness values for numerical purposes are recommended about 1/100 - 1/1000
of the initial values.

Varying element size

Vary the element size to reach an optimal running time - accuracy ratio. An analysis with
about 9000 elements runs for more than thee hours. The use of shell elements for slender
plates is recommendable because it significantly reduces the amount of elements.

Load conditions

It is recommendable to model the loading conditions with prescribed displacements instead
of applied forces. The behaviour of a structure around the failure load is with a displacement

XLV



Appendix C. Encountered modelling problems

controlled analysis more clearly visible. Model a stiff steel plate and assign the prescribed
displacement to the one node. By modelling a monitoring point at this location, the reaction
force can be saved in the output file.

Modelling of prestressing

To model a prestressed specimen, make sure the first analysis step consists of the correct
load cases. The first load step should consist of the boundary conditions and the prestressing
load. From the second load step the load conditions should be included and the prestressing
load should be excluded. See Appendix A for an example of the modelled analysis steps.
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