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Abstract
Paving block pavements are an ecological, economical, and space forming valuable type
of road surface, and therefore, the demand is continuously increasing. Nevertheless, im-
mature design concepts often lead to unexpected performance, which reduces confidence
in these types of constructions. Especially the mechanical performance of the vertical
joints between paving blocks as well as the interaction behavior to the underlying base
courses is often not depicted realistically enough. This motivated the development of
the numerical simulation tools for paving block structures presented within this thesis,
which are able to take into account the complex non-linear behavior between structural
elements of this type of pavement constructions more reliable. Numerous identification
experiments were carried out to determine material and interaction properties of paving
block superstructures. Therefrom, material models and parameters were obtained and
implemented into numerical models. The resulting simulation tools have been partially
validated by means of accelerated pavements tests and full scale experiments.

The first part of this thesis (Publications A to C) is devoted to paving block struc-
tures with sand-filled vertical joints. Three different identification experiments to de-
rive material models for the interaction behavior between paving blocks are proposed.
The developed structural simulation tool was validated by means of accelerated pave-
ment tests, on two full scale test sections. Furthermore, the influence of superelevated
cross-profiles of paving block structures on their load bearing capacity was investigated
by means of comprehensive parameter studies. Thereby, two main structural failure
mechanisms could be identified, and based on the numerical results a recommenda-
tion for an optimum size of superelevation could be given. The structural response
due to horizontal loadings, a very often neglected but for the performance of paving
block structures essential load condition, was investigated using a further numerical
model. Realistic frictional behavior between different types of paving blocks could be
assessed from identification experiments and implemented into numerical simulations.
The resulting 3D deformation fields of several laying patterns and types of paving block
superstructures revealed improved insights into horizontal load transfer mechanisms. A
fully automated numerical model generation allowed for a comprehensive performance
evaluation with respect to the horizontal shifting resistance of different superstructure.

The second part of this thesis (Publications D and E) focuses on the mechanical be-
havior of paving block pavements with mortar-filled vertical joints, mainly addressing
the prediction of cracking mechanisms under thermal loading. By means of the pro-
posed simulation tool, basic structural failure mechanisms, due to different temperature
events, could be identified and relationships between crack widths and different bonding
strengths as well as installation temperatures were obtained. Moreover, estimates for
necessary bonding strengths between paving blocks and mortar bed to prevent large
(visible) cracks due to temperature loads could be given.

Finally, it can be concluded that by taking the interaction behavior between struc-
tural elements of such type of pavements appropriately into account, a more reliable
description of complex structural response mechanisms becomes possible. Thus, soph-
isticated numerical simulation tools are able to deliver new insights into the mechanical
behavior of paving block pavements and have the potential to significantly enhance
performance predictions, especially in combination with appropriate identification and
validation experiments.
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Kurzfassung
Pflasterbefestigungen sind eine ökologisch und ökonomisch sinnvolle und zudem visuell
ansprechende Art von Straßenbefestigung. Aus diesem Grund steigt auch die Nachfrage
nach ihnen kontinuierlich an. Dennoch führen unzureichende Bemessungskonzepte oft
zu einer unerwartet schlechten Performance, welche das Vertrauen in diese Konstruk-
tionen stark verringert. Speziell das mechanische Verhalten der vertikalen Fugen zwis-
chen Pflastersteinen sowie das Interaktionsverhalten mit den darunterliegenden Trag-
schichten werden oft nicht realistisch modelliert. Dies motivierte die Entwicklung
der in dieser Arbeit vorgestellten numerischen Simulationstools, welche das komplexe
nichtlineare Verhalten zwischen Strukturelementen realistisch berücksichtigen können.
Zahlreiche Identifikationsexperimente wurden durchgeführt, um die Material- und In-
teraktionseigenschaften von Pflastersteinaufbauten zu bestimmen. Daraus wurden Ma-
terialmodelle und Parameter abgeleitet, die als Input in numerische Modelle dienten.
Die entwickelten numerischen Simulationstools wurden durch Großfeldversuche teilweise
validiert.

Der erste Teil dieser Arbeit (Publikationen A bis C) widmet sich Pflasterbefestigun-
gen mit sandgefüllten vertikalen Fugen. Es werden drei verschiedene Identifikations-
experimente zur Ableitung von Materialmodellen für das Interaktionsverhalten zwis-
chen Pflastersteinen vorgestellt. Das entwickelte Simulationstool wurde anhand von
Großfeldversuchen auf zwei Versuchsaufbauten validiert. Darüber hinaus wurde der
Einfluss von überhöhten Querprofilen von Pflasterbefestigungen auf ihre Tragfähigkeit
mittels umfangreicher Parameterstudien untersucht. Dabei konnten zwei wesentliche
strukturelle Versagensmechanismen identifiziert werden und anhand der numerischen
Ergebnisse eine Empfehlung für eine optimale Größe der Bombierung gegeben werden.
Das Strukturverhalten zufolge horizontaler Belastungen, welches sehr oft vernachlässigt
wird aber für die Performance von Pflasterbefestigungen wesentlich ist, wurde mit einem
weiteren numerischen Modell untersucht. Ein realistisches Reibungsverhalten zwischen
verschiedenen Arten von Pflastersteinen konnte aus Identifikationsversuchen gewonnen
und in numerischen Simulationen umgesetzt werden. Die daraus resultierenden 3D-
Verformungsfelder von mehreren Verbandsarten und Typen von Pflastersteinen zeigten
interessante Einblicke in horizontale Lastübertragungsmechanismen. Eine vollautomat-
ische numerische Modellgenerierung ermöglichte eine umfassende Performancebewer-
tung in Bezug auf den horizontalen Verschiebewiderstand unterschiedlicher Pflasterver-
bände.

Der zweite Teil dieser Arbeit (Publikationen D und E) befasst sich mit dem mechan-
ischen Verhalten von Pflasterbefestigungen mit mörtelgefüllten vertikalen Fugen, wobei
der Schwerpunkt auf der Vorhersage von Rissmechanismen unter thermischer Beans-
pruchung liegt. Mit dem vorgestellten Simulationstool konnten grundlegende struk-
turelle Versagensmechanismen zufolge unterschiedlicher Temperaturereignisse identi-
fiziert und Beziehungen zwischen Rissbreiten und unterschiedlichen Haftverbindun-
gen zwischen Pflastersteinen untereinander sowie zum Mörtelbett ermittelt werden.
Darüber hinaus war es möglich, Schätzwerte für notwendige Haftverbindungen zwis-
chen Pflastersteinen und Mörtelbett zur Vermeidung großer (sichtbarer) Risse aufgrund
von Temperaturbelastungen anzugeben.

Zusammenfassend kann gesagt werden, dass durch geeignete Berücksichtigung des
Interaktionsverhaltens zwischen Strukturelementen dieser Aufbauten eine realistische
Beschreibung des komplexen Strukturverhaltens möglich wird. Anspruchsvolle nu-
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merische Simulationstools sind also in der Lage neue Einblicke in das mechanische
Verhalten von Pflasterbefestigungen zu geben und haben das Potential, Vorhersagen
über deren Performance deutlich zu verbessern. Speziell in Kombination mit darauf
abgestimmten Identifikationsexperimenten und einer möglichst umfangreichen Validier-
ung.
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Introduction

Motivation

Paving block structures, as schematically illustrated in Figure 1, are experiencing an
increasing popularity in urban areas due to their ecological, economical, and space
forming qualities compared to common asphalt pavements. Especially in communal
areas, the large number of design possibilities they deliver, such as shape, colour and
texture, are greatly appreciated. Even in areas with high traffic volumes, paving block
structures are expected to represent a suitable alternative to common pavement building
systems in future.

Block pavementHard shoulder

Su
rfa
ce
soi
l Base layer

Subbase layer
Improved subbase layer (if necessary)

Embankment

Improved subgrade (if necessary)

Top edge

Ground level
Pavement

Substructure

Subgrade

Figure 1: Section of a typical paving block structure, showing the different
base layers and a classical border construction.

This trend is, however, continuously weakened by unexpected damage of newly
built paving block pavements. The reason for this are immature design concepts and
standards, which are heavily based on the concepts for asphalt pavements and do not
take the specific characteristics of this block-like structures sufficiently into account.
The success of a project is therefore strongly dependent on the quality of planning and
construction provided by experienced engineers and executing companies, rather than
on reliable scientific knowledge implemented into design concepts and standards. More
knowledge about the mechanical mechanisms of these systems and advanced prediction
tools are necessary to exploit the potential of this type of construction and to serve as
basis for a more extensive use and possible new areas of application.

For this reason, within this thesis, numerous identification experiments are presen-
ted to identify the load transmission capability of different joint formations. Mechanical
models and corresponding material parameter to describe the joint behaviour have been
obtained and implemented into numerical models. The resulting simulation tools were
validated by means of data obtained from full-scale accelerated tests and field experi-
ments. The knowledge, gained from these full-scale experiments, together with insights
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from identification experiments and the validated numerical simulation tools, should
contribute to a better utilization of paving blocks and slabs. Moreover, the improve-
ment of existing design schemes and the development of new design methods and rules
may be accomplished.

An overview of the work carried out and proposed in this thesis is given in Figure 2.
The four publications (denoted as PA, PB, PC, and PD) and one chapter (denoted
as CE) constituting this thesis are assigned to the respective step of this conceptual
overview.

Figure 2: Conceptual overview of the work carried out and proposed in this
thesis. The publications/chapters building up this thesis are denoted as
PA to PD and CE, and are assigned to the respective conceptual step
of this overview.

The challenges tackled, with respect to performance prediction of paving block struc-
tures, can be distinguished into the following points of interest:

1. Structural response of paving block structures due to vertical loadings occurring
from traffic and the critical stresses and strains in the underlying base layers. For
the structural response, the layers and the interactions between the layers play a
significant role, which are examined in Publication A (PA) and Chapter E (CE),
respectively. Industry experts expect a positive influence from superelevated cross
profiles which motivated the work in Publication B (PB).

2. In addition to the vertical resistance, however, the structural resistance to ho-
rizontal loadings is assumed to represent an equally important performance
characteristic for paving block structures. According to experienced engineers, it
is often observed in practice that due to braking and steering maneuver of heavily
loaded trucks or buses damage is introduced into paving block structures. Such
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loadings are commonly not part of design approaches and also rarely addressed
in scientific literature. Neglecting these horizontal loadings can cause damage
in form of permanent deformations in the superstructure and chipped edges of
paving blocks. The identification and assessment of such horizontal deformation
mechanisms of paving block superstructures with sand-filled joints, as shown in
Figure 3 (left), represents the main objective of Publication C (PC).

3. Thermal loadings, which usually affect paving block structures with mortar
filled vertical joints, as shown in Figure 3 (right). Such structures can exhibit a
significantly higher load capacity as comparable structures with sand-filled joints.
For this reason, this pavement construction method is increasingly being used
or would be used, respectively, if its performance could be estimated more reli-
ably. Specifically, the exact cause of cracks due to cooling in winter has not been
fully understood yet and appropriate prediction tools do not exist. As a result
of thermally induced stresses cracks often appear on surfaces. Apart from the
mechanical issues caused by such cracks, they also affect the visual appearance of
these, not damaged very attractive, pavements. This greatly reduces the confid-
ence in and acceptance of this type of construction and prevents a more frequent
use. A major reason for this performance problem can be attributed to the lack
of appropriate design codes for the construction of rigidly laid paving block struc-
tures. For this reason, numerous investigations proposed in Publication D (PD)
and Chapter E (CE) were carried out.

Paving blocks & sand joints Paving blocks & mortar joints
Splitbed Mortarbed
Base layer Bound base layer

Subbase layer Subbase layer

Embankment Embankment
Subgrade Subgrade

Figure 3: Typical paving block structure with (left) sand-filled joints and
(right) mortar-filled joints.

Outline of the thesis

The first part of the thesis (Publications A to C) is devoted to the investigation of
the mechanical behaviour of paving block structures with sand-filled joints. Large-
scale experiments, identification experiments of mechanical properties, and numerical
simulations have been carried out.

In Publication A, a finite element method-based numerical simulation tool for
paving block pavements, with emphasis on characterisation of the interaction beha-
viour between paving blocks is presented. Identification experiments were carried out
for the mechanical behaviour of the vertical joints, the unbound base courses and the
concrete blocks. An orthotropic elasto-plastic material law in tangential direction and
a non-linear elastic relationship in normal directions were finally used to describe the
paving block interaction within the numerical simulation tool. Additionally, a real-
istic description of all other parts of a paving block structure allowed for reliable stress
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predictions within the whole superstructure. The accuracy of the finite element calcu-
lations, at least the response due to vertical loads, could be assessed by comparing the
results to measurement data from full-scale accelerated pavement tests (APT) on two
paving block test sections. These tests were conducted by an international cooperation
consisting of two research institutes, the Vienna University of Technology (VUT) and
the Swiss Federal Laboratories of Material Science and Technology (EMPA), and one
industrial partner.

Publication B focuses on the influence of superelevated cross profiles of paving
block structures on their load-bearing behaviour. Observations in practice suggest a
strong influence of superelevated profiles on the overall performance of paving block
structures. Many experienced engineers state that these effects should not be neglected
within the design process. Therefore, a numerical simulation tool was developed which
is able to capture the effect of such profiles on the load-bearing behaviour of paving
block structures, qualitatively as well as quantitatively to a certain extent. Numerous
parameter studies were performed to identify the influence of structural parameters,
like the size of the superelevation, the number and dimension of paving blocks, the
interaction between them, and the loading situation, on the structural behaviour.

In Publication C, the identification and assessment of horizontal deformation
mechanisms of paving block superstructures were investigated by means of complex 3D
finite element simulations, investigating 6 different laying patterns with 5 different types
of paving blocks. The non-linear interaction behaviour between paving blocks was iden-
tified experimentally, implemented into the numerical simulation tool, and subsequently
allowed for the reproduction of very realistic horizontal deformation mechanisms. Fi-
nally, the performance of several laying pattern and paving block type configurations
were compared to each other, pointing out the strength and weaknesses of each super-
structure and revealing which combinations are best performing.

The second part of the thesis (Publication D and Chapter E) comprises the invest-
igation of mechanical mechanisms of paving block structures with mortar-filled joints.
Particularly thermally induced stresses and the occurrence of cracks are observed.

Publication D aims at describing the response of paving block structures with
mortar-filled joints due to temperature loading. Mechanical mechanisms in such struc-
tures were investigated especially concerning the occurrence of cracks, caused by thermally
induced stresses. Therefore, a numerical simulation tool for such paving block struc-
tures under temperature loading was developed, which is able to take brittle failure
mechanisms in-between paving blocks and paving blocks and the underlying mortar
bed into account. By means of the proposed simulation tools, basic structural failure
mechanisms of such paving block structures, due to different temperature events, could
be identified.

In Chapter E the construction of three large paving block test fields in Waldegg,
Austria, is discussed. Furthermore, a numerical simulation tool is proposed and nu-
merical results are compared to data obtained from the test fields. By means of the
simulation tool, basic structural failure mechanisms for rigid paving blocks structures
on splitbed could be reproduced correctly. Finally, estimates for necessary friction coef-
ficients between paving blocks and splitbed to prevent large cracks are given.



Chapter1
Numerical simulation tool for
paving block structures assessed by
means of full-scale accelerated
pavement tests (Füssl et al., 2016a)

Authored by Josef Füssl, Herwig Hengl, Wolfgang Kluger-Eigl & Ronald Blab
Published in International Journal of Pavement Engineering, pages 1-13, 2016

Block pavements are an attractive alternative to asphalt and concrete pavements, espe-
cially in communal areas. Architects and urban planners would like to take advantage of
various shapes, colours and textures of paving blocks in order to achieve a higher quality
of urban space if the performance of block pavements could be better predicted to avoid
large horizontal displacements of chipped stone corners and rutting. Unfortunately,
the computational performance prediction of paving block structures is more complex
than that for flexible pavements with homogeneous surface layers of asphalt concrete.
The influence of the large number of vertical joints between paving blocks on the overall
mechanical performance has not been considered sufficiently within computational tools
yet.
The proposed numerical simulation tool is able to take into account the complex mech-
anical behaviour of sand filled joints as well as the non-linear mechanical behaviour of
the underlying base courses. Joints are modelled using a Mohr-Coulomb-type friction
model with the normal stresses non-linearly related with joint opening. Three different
experimental setups were developed for the identification of the model parameters. The
base behaviour was modelled using the Drucker-Prager cap model. The paper shows
that the proposed tool predicts reasonable deformations and stresses in block pave-
ments. The results of the simulations were compared with measured stresses form the
full-scale accelerated pavement testing and a good agreement was observed.
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1.1 Introduction and motivation

Block pavements are an ecological, economical and visually appealing type of road sur-
face. Especially in communal areas the large number of design possibilities they deliver,
such as shape, colour, and texture, are greatly appreciated. Nevertheless, the use of
block pavements is lower than one would expect. One of the reasons is a lack of ad-
equate performance prediction tools, especially for predicting damage in areas with high
vertical and horizontal loads due to brake and acceleration forces. Responsible for the
performance of a paving block structure are (i) the material behaviour and the thick-
ness of the base courses, (ii) the material quality and the shape/dimension of the paving
blocks, and (iii) the type of vertical joints, defining the interaction behaviour between
paving blocks. In many engineering design concepts this quite complex structural sys-
tem is not captured realistically enough.

Since some design methods have evolved from, and hence are heavily based on, con-
cepts for asphalt pavement structures, for the determination of relevant stress states
in the base courses, blocks are modelled as continuous layer with an effective stiffness,
e.g. in Janda (2004). In this procedure, stress states within the base courses are ob-
tained on the basis of closed-form solutions for elastic half-space systems with infinite
lateral dimension. The basic solution therefore was delivered by Boussinesq (Taylor
(1963); Timoshenko and Goodier (1987)), which was extended by Burmister (1943,
1958) to multi-layered elastic systems. The solutions of Burmister can be found in a
large number of software programs, e.g. in BISAR (1989); Everseries Pavement Ana-
lysis Programs (1999); Huang (2004). With these approaches stress states due to edge
loading, especially in the upper base courses, can not be captured realistically. For this
reason, numerical simulation tools based on the finite element method were developed.
One of the first numerical tools was proposed by Huurman et al. (1992), in which rigid
elastically bedded blocks are connected with springs and in a subsequent calculation
the loaded concrete block is analysed. Further on, some similar models were developed,
(Huurman (2006); Hassani (2006); Nishizawa et al. (1984); Nishizawa (2003)), which
all had in common a linear elastic interaction behaviour between paving blocks and a
rather simple material behaviour of the underlying base courses. An interesting model
has been developed by Ascher (2003), where the non-linear elastic Dresdner model
(Gleitz (1996)) has been assigned to the base course and the performance of the model
was evaluated by experiments in Lerch (2005). Within these works also the horizontal
resistance of paving block structures has been studied intensively.

This paper presents a finite element method-based numerical simulation tool for
paving block pavements, with emphasis on characterization of the interaction behaviour
between paving blocks. An orthotropic elasto-plastic material law in tangential direction
and a non-linear elastic relationship in normal directions were finally used to describe the
paving block interaction within the numerical simulation tool. Additionally, a realistic
description of all other parts of a paving block structure allowed for reliable stress
predictions within the whole superstructure.

The accuracy of the finite element calculations, at least the response due to vertical
loads, could be assessed by comparing the results to measurement data from full-scale
accelerated pavement tests (APT) on two paving block test sections. These tests were
conducted by an international cooperation consisting of two research institutes, the
Vienna University of Technology (VUT) and the Swiss Federal Laboratories of Material
Science and Technology (EMPA), and one industrial partner, whose main activity is
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the development, production and sale of concrete block and slab pavers.
In the following section, the APT, including the layout, instrumentation, test pro-

gram and results, are described. The identification experiments for the mechanical
behaviour of the vertical joints, the unbound base courses and the concrete blocks are
proposed in Section 3. The identified material properties serve as input to a numerical
simulation tool which is presented in Section 4. In Section 5, the simulation results are
compared to measured values from the APT. Finally, a summary of the results is given
and conclusions are drawn in Section 6.

1.2 Full-scale accelerated pavement test

Within full-scale accelerated pavement tests the whole traffic load of the expected ser-
vice life of a pavement structure is simulated in real scale. This leads to two major
advantages, namely, (i) the "total system" response is provided within (ii) a relatively
short period of time, compared with mechanical testing at a smaller scale and the many
years required for long-term monitoring, respectively. For this reason, full-scale ac-
celerated pavement testing has a long tradition and has been conducted for almost 50
years (Powell (2012); Steyn (2012a)). A comprehensive overview of the so far performed
APTs and the obtained significant findings can be found in the two NCHRP synthesis
reports (F. Hugo (2004) and Steyn (2012b)), respectively. According to these reports,
most of the APTs have been performed on asphalt pavements or dowelled concrete slab
pavements. The few APTs performed on paving block structures have been carried out
in Australia, New Zealand, South Africa, and Japan. A good overview of these devel-
opments together with insights on design and construction of paving block structures
based on his extensive work in this field for decades has been given by Shackel (1990).
Details of his performed heavy vehicle simulations on block pavements can be found in
Shackel (1980b,a, 1982) and in the referenced publications therein. To the knowledge of
the authors, the last APTs on block pavements were performed by Sharp around 2000.
Some information about these experiments can be found in F. Hugo (2004) and Sharp
et al. (1999). Within the present work, the Mobile Load Simulator (MLS10) has been
applied for the first time to paving block superstructures. The MLS10 itself, the test
sections and the testing program will be presented in the following.

1.2.1 Test sections

The APT sections and instrumentation were designed and constructed in Summer 2010.
Four different pavements sections with paving slabs and three sections with paving
blocks were built. Within this paper only the paving block sections, Section 5 to Section
7, will be considered (see Table 1.1).

Table 1.1: Test sections
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Each test section were 6.4 m long and 5.0 m wide, as illustrated in Figure 1.1 (a).
The length of each test section was adjusted to the length between the corner jacks (7.2
m) of the MLS10 (see Figure 1.2), to avoid the machine standing on the pavement during
traffic simulation. All sections were surrounded with a concrete foundation, serving as
support for the MLS10 and as confinement for the pavement sections themselves. The

(a) (b)

20/20/10 cm concrete blocks

3 cm sandbed

2 soil pressure cells on top
of upper base course

20 cm unbound base course (Section 5/6)

20 cm pervious concrete (Section 7)

2 soil pressure cells on top

of subgrade

subgrade

30 cm unbound base course

6
.4

 m

5.0 m

soil pressure cells

type EBKE 20/30 K10A (gloetzl.de)

U1/O1

U2/O2

Figure 1.1: (a) Layout of one test section (Section 5) including position of
soil pressure cells, and (b) pavement structure.

superstructure of the test sections, illustrated in Figure 1.1 (b), was chosen according
to the requirements in regulation RVS 03.08.63 (2008), describing block/slab pavements
structures without compound effect on unbound base courses. Bedding sand (2/4 mm),
jointing sand (0/4 mm), and base materials (0/63 mm and 0/32 mm) were chosen
according to the requirements in regulations RVS 08.18.01 (2009) and RVS 08.15.01
(2008).

Test Sections 5 and 7 were instrumented in the main loading line of the MLS10 as
shown schematically in Figure 1.1 (a). Soil pressure cells (SPC) of type EBKE 20/30
K10 A were installed on the surface of the subgrade and the upper base course (see
Figures 1.1 (a) and (b)).

1.2.2 Accelerated Pavement Tests

For the traffic simulation, shown in Figure 1.2, the Mobile Load Simulator MLS10 from
Switzerland (Partl (2008)) was used. The MLS10 was equipped with Goodyear 455/40
R22.5 super single tires, exhibiting a tire pressure of 1.06 N/mm2 (10.6 bar) and able to
apply a wheel load of 65 kN. At the beginning of the test procedure, this wheel load was
adjusted with a calibrated static scale and controlled with a mobile weight in motion
device (WIM), ensuring an exact wheel load of 65 kN. Before the traffic simulation a
pre-loading phase with reduced wheel load and a speed of 7.2 km/h was performed
on each test section for about 15 minutes (1,000 passes). After this initial phase the
full load of 65 kN was applied and the speed increased to 22 km/h. During the tests
no lateral wandering or application of water was carried out. The MLS10 was able to
simulate 38,400 load rollovers per day. Table 1.2 gives the number of the projected and
applied rollovers of each test section as well as the respective loading class according to
the Austrian design standard RVS 03.08.63 (2008).
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electr.

control

7.2 m

wheels

generator

4 loading wheels

transport

65 kN

corner

jack

Figure 1.2: Mobile Load Simulator MLS10 with super single tires.

Table 1.2: Test program (load 65 kN, 1.06 N/mm2, super single tire

During testing the main problem was the rapid loss of jointing sand, since the sand
joints within the newly constructed slab test sections had no time to consolidate and
to develop conventional inter-locking status. Therefore it was necessary to add jointing
sand during the maintenance stops of the MLS10. However, inspection and refilling of
joints are regular maintenance actions for paving block structures during their lifetime.
For further tests on these types of pavements it is, thus, recommended that new test
sections are exposed to environmental conditions (rain, dust) for a few weeks before the
start of the APT until the jointing material consolidates. Nevertheless, it can be stated
that the execution of the APT and the projected load applications were completed
successfully (see Table 1.2).

On Section 5 the APT was stopped before reaching the projected load passes be-
cause of a rut depth larger than 20 mm, which is the threshold value in Austria and
also the maximum tolerance for the operating of the MLS10. The largest deformation
was induced directly above the soil pressure cells installed at the formation level of the
unbound base course. It was concluded that the compaction of the base course in the
surrounding of the instrumentation was unsatisfactory. Although considerable deform-
ation was measured, no blocks were broken and only minimal spalling on two loaded
stones occurred. The width of joints in the middle of the load line after construction
was less than the allowable tolerances, which may have contributed to the exhibited
performance.

Section 6 exhibited a rut depth of 20 mm at the intended number of load passes,
but no damaged blocks could be identified. Small horizontal deformations and contact
between two pavers were observed in the touchdown of the super single tires. The joint
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width of almost all joints in the middle of the load line decreased to below 1 mm.
The pavement structure with pervious concrete (Section 7) is a relatively new con-

struction method in Austria for which only limited knowledge and experience is avail-
able. For this reason, it was interesting to observe that the performance of this pavement
was excellent. Only small deformations could be measured and no visible damaged was
observed.

In summary, it can be assumed that the performance of the test sections showed a
realistic behaviour during the APTs compared to real traffic situations. A significant
amount of time could be saved compared to test sections on public roads with high
traffic volumes. The only shortcoming of the MLS10 is that no realistic breaking or
acceleration forces, which often have a major impact on the performance of a pavement
structure, can be applied on the road surface. In future, this disadvantage could be
overcome by using a numerical simulation tool, where a variety of loads can be applied
without much additional effort.

The obtained results from the installed measuring devices and their evaluation will
be presented in the following section.

1.2.3 Results of APT

As mentioned before, Section 5 was equipped with 4 soil pressure cells (SPC), installed
at the top surface of the subgrade (U1 and U2) and the top surface of the upper base
course (O1 and O2) and Section 7 with 2 soil pressure cells at the top of the upper base
course (O1 and O2). The position and arrangement of these measurement devices are
shown in Figure 1.1. The SPC delivered measurement values with a frequency of 100
Hz during the whole test period. The obtained data within one illustrative second (100
measured values per SPC) is shown in Figure 1.3, for the SPC O1 and U1 of Test Section
5. It can be seen that the peak values of the compressive stresses due to a load pass can
be captured with sufficient accuracy, even if a higher frequency could be recommended
for the SPC O1. For further evaluation the maximum and minimum pressure values of

response of O1 to tire load

(31 measurement points)

390

(14 measurement points)

response of U1 to tire load
195

time

260

325

130

65

0

-65
1 second, 100 data points

pressure [kPa] SPC O1
SPC U1

Figure 1.3: Data obtained within one illustrative second from soil pressure
cells (SPC) O1 and U1 of Test Section 5.

each minute of the whole testing time were used. Figure 1.4 shows this data for the SPC
U1 and U2 of Section 5. The obtained minute minima and maxima of the other SPC
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can be found in Figure 1.15 and Figure 1.16 of the Appendix. In Section 5 the mean
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Figure 1.4: Data obtained from soil pressure cells (SPC) U1 and U2, installed
on top of subgrade, of Section 5.

value and standard deviation of the pressure amplitudes (difference between minute
maxima and minima) are compared to values obtained from finite element simulations.

1.3 Identification experiments

Responsible for the overall performance of a pavement structure with paving blocks are
the following parts: (i) the joint behaviour between blocks, (ii) the mechanical properties
of the blocks itself, and (iii) the behaviour of the base courses including the subgrade.
For a reliable simulation tool the mechanical behaviour of all these parts needs to be
characterised. For this reason, different identification experiments have been carried
out which will be presented in the following.

1.3.1 Joint behaviour

For the determination of the joint behaviour three different new experimental setups
were developed, which are illustrated schematically in Figure 1.5. From the first and
second test setup (Figures 1.5 (a) and (b)) the frictional behaviour in vertical and
horizontal direction, respectively, was obtained. By varying the confinement force in
normal direction to the joint and by assuming a frictional behaviour according to Mohr-
Coulomb, a vertical and horizontal friction angle describing the tangential joint beha-
viour could be determined from these experiments. Moreover, the amount of tangential
deformation γe before plastic effects occur as well as a maximum shear stress τmax,
which is independent of the confinement stress, were identified. With all this informa-
tion the tangential joint behaviour can be described by an anisotropic friction criterion,
illustrated in Figure 1.6 and reading

|τh|2

τ crith
2 +

|τv|2
τ critv

2 = 1, (1.1)

with τ critv = ϕvσn ≤ τmax and τ crith = ϕhσn ≤ τmax, where ϕv and ϕh denote the
vertical and horizontal friction angle, respectively, obtained from experiments.
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(a) (b) (c)

Figure 1.5: Schematic illustration of identification experiments of mechanical
joint behaviour in (a) horizontal, (b) vertical, and (c) normal direction.

τ crit

|τh|

τ critv = ϕvσn ≤ τmax

τ crith = ϕhσn ≤ τmax

elastic region

|τv|

direction of slip dγ

ellipse: |τh|2
τcrith

2 +
|τv|2
τcritv

2 = 1

τ

slipping friction

maximum elastic slip γe = 4 mm

total slip γ

elastic region plastic region

Figure 1.6: Anisotropic friction model implemented in Abaqus to describe
the tangential behaviour between vertical joints.

From the third experiment (see Figure 1.5 (c)) a relationship between the joint
normal stress σn and the joint deformation in thickness direction (direction of joint
width) δun was obtained, reading

σn = E0δu
n
n, (1.2)

where E0 denotes a secant-bedding modulus and n is a dimensionless parameter.
A detailed description of the test-setup, the test program and the evaluation of all

three experiments can be found in Füssl et al. (2016b). The identified parameters as
input for the numerical simulation tool are finally: ϕh = 1.21, ϕv = 0.58, τmax = 2.41
N/mm2 for the tangential joint behaviour, and E0 =11.482 N/mm3 and n = 1.795 for
the normal joint behaviour.

1.3.2 Concrete paving block properties

The stiffness of the concrete slabs were obtained by ultrasonic measurements. The ul-
trasonic measurement setup and a concrete specimen with the two measuring directions
are shown in Figure 1.7. By measuring the transit time T of the ultrasonic wave through
the specimen, the wave velocity v was determined and further the modulus of elasticity
E could be obtained by

E =
ρv2(1 + ν)(1− 2ν)

(1− ν)
, (1.3)

where ρ denotes the mass density of concrete, which was measured for each sample
(mean value 2.37 t/m3), and ν is the Poisson’s ratio assumed to be 0.15. From 24
measurements on 4 samples a mean value of the modulus of elasticity of 45,334 N/mm2

with a standard deviation of 7.3 % was obtained.



Publication A 13

oscilloscop
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measuring
directions

16 cm
6 cm

(a) (b) (c)

Figure 1.7: (a) Ultrasonic measurement setup with dummy sample, (b) ultra-
sonic transducer with honey as contact agent, and (c) tested concrete
samples.

1.3.3 Behaviour of base courses

Unbound base course materials often exhibit non-linear elastic and plastic material be-
haviour that cannot be described with the linear elastic model. The non-linear (due
to the granular material structure) elastic behaviour is often modelled by the simple
two-parameter k−φ model (Hicks and Monismith (1971)), which suggests that the resi-
lient modulus is proportional to the mean stress raised to a power, or further developed
models like the three-parameter model according to Uzan (1985), the Dresden model
(Gleitz (1996)) and the isotropic or anisotropic Boyce model (Boyce (1980); Hornych
et al. (1998)). A good overview of the basic models for the resilient response of un-
bound layers is given in Lekarp et al. (2000). The plastic material behaviour is either
described by classical failure criteria, according to Mohr-Coulomb or Drucker-Prager,
or/and by the "shakedown" concept described in Werkmeister et al. (2001). A com-
prehensive model for granular layers, from non-linear elastic material behaviour up to
plastic shakedown considerations, and the implementation into a finite-element code can
be found in Chazallon et al. (2009). The drawback of such complex material models
is the large number of material properties required for these models, which are mainly
obtained from comprehensive static and cyclic triaxial testing programs, e.g. presented
in COURAGE (1999).

For this reason and since the main focus of this work is on the interaction beha-
viour between paving blocks, a simple yet realistic approach was chosen to describe the
constitutive relationship for the base courses in the proposed numerical simulation tool.
Five conventional loading plate tests were carried out during the construction process
on the top of the subgrade, the lower base course, and the upper base course. The exper-
imentally obtained load deformation relationships were used to determine elasto-plastic
material parameters of all three layers by reproducing the tests with a finite element
model. In Figure 1.8 (a) the experimentally and numerically obtained load deformation
relationships are compared with each other. It can be seen that by assigning a modified
Drucker-Prager cap model to all base courses, a calibration of the material properties
allows for a very good reproduction of the loading plate tests numerically. The modified
Drucker-Prager cap model and the required parameters are described in the Appendix.
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Figure 1.8: (a) Loading plate test results on the top of the subrade, the lower
base course and the upper base course compared to the corresponding
numerical results, and (b) numerically obtained vertical deformation
fields for a loading plate test at the top of the upper base course.
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1.4 Finite Element Model

In this section a finite element model for the test sections on which the accelerated pave-
ment tests (APT) have been carried out is presented. For the performance evaluation
of the model, the obtained simulation results are then compared to the measurements
taken during the APT.

The finite element model of Test Section 5 with the two investigated load cases and
all boundary conditions is shown in Figure 1.9. Load case A represents a wheel load
directly above a continuous transverse joint while the wheel load according to load case
B is located exactly in-between two such joints. The dimensions of the analysed paving

normal: nonlinear elasticity E0, n
tangential: anisotropic friction ϕh, ϕv

x3

x1

x2
100 cm soil
lateral modulus of subgrade reaction
kso = 40MN/m3

30 cm lower base course
lateral modulus of subgrade reaction
klbc = 100MN/m3

20 cm upper base course
lateral modulus of subgrade reaction
kubc = 150MN/m3

tied

tied

tied

separation allowed
vertical joints:

dead weight
of all layers

tangential friction:
ϕ = 0.6

ks = 250MN/m3
elastic foundation

20/20/10 cm concrete paving stone

4 cm sandbed
lateral modulus of subgrade reaction
ksb = 150MN/m3

lateral modulus of subgrade reaction
kst = 500MN/m3

load cases A/B

pressure p = 1.06 MPa

B
A

380/80.7 mm load area

Figure 1.9: Geometry, load and boundary conditions of finite element model.

blocks are 200/200 mm with a thickness of 100 mm. The elastic properties of the blocks
were obtained from ultrasonic measurements as described in Section 1.3.2. The interac-
tion between slabs (joint behaviour) is considered by an anisotropic friction criterion in
tangential direction and with a nonlinear elastic relationship in normal direction. The
identification of this interaction behaviour and the corresponding material properties
were proposed in Section 1.3.1. To the upper as well as lower base course and the sub-
grade a modified Drucker-Prager cap model, described in Section 1.3.3, was assigned.
Since for the sandbed no identification experiments were available, the same plastic
behaviour as for the upper base course was assumed and a slightly stiffer elastic beha-
viour with an elasticity modulus of E = 350 N/mm2 and a Poisson’s ratio of ν = 0.3.
Between the paving blocks and the sandbed a friction coefficient of 0.6 was assigned
and in normal direction lifting of the paving blocks was allowed. All other layers were
tied together. The interaction with the surrounding base courses and subgrade material
(lateral boundary of the modelled area shown in Figures 1.9 and 1.10, respectively) is
roughly modelled by lateral elastic foundations with a lateral modulus of subgrade re-
action according to suggestions of Austrian regulations. A lateral pressure is applied to
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the concrete slabs, describing the restraining of the test sections and to activate a low
cohesion within the vertical joints, as seen in joint experiments (Füssl et al. (2016b)).

The discretisation is done with 20-node hexahedron elements for the sandbed and
8-node hexahedron elements for all other parts. An exemplary mesh with the corres-
ponding model parameters is shown in Figure 1.10.

x1

x2

x3

total number of variables 540,387
total number of nodes: 252,033
number of contact elements: 71,904

total number of elements: 150,176

total CPU time: 27,400 s
max. memory used: 6,963 MB

model parameters:

number of concrete blocks: 119
number of contact surfaces: 313

number of 3D linear elements: 78,272

Figure 1.10: Exemplary finite element mesh, where the loaded blocks are
finer discretised.

Subsequently, static calculations in Abaqus for different positions of the super single
tire were performed. The wheel load of 65 kN was applied linearly within a maximum
of 10 steps, and no more than 16 equilibrium iterations had to be carried out per step.
The vertical deformation fields, obtained for the two load cases (A and B), are shown
in Figure 1.11. An analysis of Figure 1.11 suggests that the model’s predictions of the
vertical displacements fields are reasonable. Mainly responsible for this is an appropriate
implementation of the joint behaviour and the interaction between the slabs and the
sandbed.
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Figure 1.11: Vertical deformation fields of Section 5, for the two load cases
(A and B) shown in Figure 1.9.

In the following, the relevant load cases and the resulting stress states obtained
from the finite element simulations, which deliver extreme values at the positions of the
SPC in the APT test sections, are presented. Figure 1.12 shows the relevant vertical
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stress states at the top of the base courses and the subgrade. An influence of the
load case on the distribution of vertical pressure can only be observed at the top of
the upper base course. Under load case A, where the wheel load is directly above a
continuous transverse joint (see Figure 1.11), the maximum vertical stress is slightly
higher compared with the one under load case B. The same effect was also obtained
from the APTs and can be seen in Figure 1.15. However, in contrast to concrete slab
structures (investigated in Füssl et al. (2015b,a)), the load position has no major impact
on the vertical stress distributions in the base layers.

O1

U2 U1

σ33

LC A LC B
0.00

-0.10

-0.20

-0.30

-0.40

-0.50

-0.60
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upper base course

subgrade
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O2

Figure 1.12: Relevant vertical stress states σ33 at the top of the base courses
and the subgrade for Test Section 5, and the position of the relevant
soil pressure cells (SPC).

In the next section, the measured stresses during the APT are compared to the
numerically obtained results.

1.5 Comparison of experimental and numerical results

In the following, the results obtained from the two test sections (equipped with measur-
ing devices) of the APT are compared to results from finite element simulations. Four
soil pressure cells (SPC) were installed in Section 5, two at the top of the subgrade
and the upper base course, respectively. At Section 7 two SPC were installed at the
top of the subgrade. The measurement data was consolidated to mean values and the
associated standard deviation of amplitude values (min/max values).
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Figure 1.13 shows the comparison between the compressive stress values obtained
from the SPC and the corresponding numerical results. The FEM values represent the
mean vertical pressure over an area of 200/300 mm, equal to the measurement surface
of the SPC. The individual lower values denote the mean pressure of a fictive SPC
built-in with an eccentricity of 50/50 mm at the upper base course and 200/200 mm at
the subgrade, respectively.
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Figure 1.13: Mean values and standard deviation of maximum pressure values
obtained from soil pressure cells compared to corresponding results from
finite element simulations.

For all measuring points the experimentally and numerically obtained pressure val-
ues are in reasonably agreement. For a profound validation of the simulation tool,
however, additional experimental data would be required.

1.6 Summary and concluding remarks

Within this paper, accelerated pavement tests (APT) using the Mobile Load Simulator
(MLS10) on block pavements with sand filled joints were presented. Two test sections
were equipped with soil pressure cells, allowing the recording of relevant pressure stress
states in the base courses. These stress states were then compared to values obtained
from a numerical simulation tool based on the finite element method, where the neces-
sary material properties were acquired from different identification experiments. The
main results and findings can be concluded as follows:

• The operation of the MLS10 on the three different test sections worked properly,
and thus, this testing method can be recommended also for superstructures with
paving blocks. The installed soil pressure cells (SPC) on the top of the upper base
course and the subgrade were able to capture compressive stress peaks due to a
tire rollover.

• On the basis of three different joint experiments, an appropriate characterisation of
the tangential as well as normal mechanical behaviour of the sand filled joints was
possible. The obtained mechanical behaviour could be implemented accurately
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into the finite element model, using Mohr-Coulomb friction in tangential direction
and a non-linear elastic material law in normal direction.

• For the first time, the complex bedding and interaction behaviour of paving blocks
could be considered within a numerical simulation tool realistically. A compar-
ison between the experimentally- and numerically-obtained pressure stress states
in the base courses showed a reasonable agreement. Nevertheless, the punctual
conducted pressure measurements cannot be considered as sufficient for a profound
validation of the proposed numerical simulation tool.

In a next step, this simulation tool will be used to study two important load transfer
mechanisms in block pavement structures which were not considered sufficiently so far:
(i) the load transfer of horizontal loads into the structure (exemplarily shown in Figure
1.14(a)) and (ii) the influence of arch supporting effects on the load bearing capacity
(exemplarily shown in Figure 1.14(b)). Basic numerical investigations of the latter
mechanism have already been performed and can be found in Hengl and Füssl (2016).
Both mechanisms are strongly influenced by the joint behaviour, the block shape and
dimensions, and the laying pattern. All this can be considered very well with the
developed simulation tool, and thus, meaningful results can be expected.
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Figure 1.14: Future applications of the simulation tool: (a) study of the ho-
rizontal resistance of block pavement superstructures, and (b) determ-
ination of the influence of arch supporting effects on the load bearing
capacity of paving block superstructures.
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1.7 Appendix A: Data obtained from soil pressure cells
(SPC)
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Figure 1.15: Data obtained from soil pressure cells (SPC) O1 and O2, in-
stalled on top of upper base course, of Section 5.
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Figure 1.16: Data obtained from soil pressure cells (SPC) U1 and U2, in-
stalled on top of subgrade, of Section 7.
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1.8 Appendix B: Drucker-Prager cap model

The modified Drucker-Prager cap model is illustrated in Figure 1.17. It consists of a

(b)R(d + pa tan β)

α(d + pa tanβ)

β

d

shear failure, Fs

transition surface, Ft

cap, Fc

p

d+ pa tan β

t σ3
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Figure 1.17: Yield surface of the modified Drucker-Prager cap model (a)
along the hydrostatic axis and (b) in the meridial plane.

failure surface describing shear failure, which reads

Fs = t− p tanβ − d = 0 (1.4)

and a surface defining the plastic behaviour under predominantly volumetric compress-
ive stress states, reading

Fc =

√
(p− pa)2 +

[
Rt

(1 + α− α/ cosβ)

]2

−R(d+ pa tanβ) = 0, (1.5)

where p = −1/3σii is the equivalent pressure stress, q =
√

3/2(σd : σd) the Mises
equivalent stress, and r = (9/2σd · σd : σd)

1/3 the third invariant of deviatoric stress
with σd = σ + pI. A deviatoric stress measure is defined as

t =
q

2

[
1 +

1

K
−
(

1− 1

K

)(
r

q

)]
. (1.6)

The evolution parameter, pa, reads

pa =
pb −Rd

(1 +R tanβ)
, and (1.7)

the transition surface Ft between Fs and Fc is given by

Ft =

√
(p− pa)2 +

[
t− (1− α

cosβ
)(d+ pa tanβ)

]2

− α(d+ pa tanβ) = 0. (1.8)

The evolution of hardening is derived from the experimental results in Chiroux
et al. (2005). The implemented relation between the hydrostatic yield stress and the
volumetric plastic strain is given in Table 1.3.

Finally, with the parameters shown in Table 1.4 the loading plate tests could be
reproduced very well.
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Table 1.3: Cap hardening stress/strain relationsship (derived from experi-
mental data in Chiroux et al. (2005))

Table 1.4: Material parameters
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Paving block pavements are an ecological, economical and space forming valuable type
of road surface, and therefore, the demand is continuously increasing. Nevertheless,
immature design concepts often lead to unexpected performance, which reduces con-
fidence in these structures. For example, positive effects on the load-bearing behavior
due to superelevation of the cross profiles are not considered within existing design con-
cepts, even though their influence on the performance of a block pavement structure is,
according to the experience of skilled engineers, very large.
For this reason, this work focuses on the influence of superelevated cross profiles of
paving block structures on their load-bearing behavior. A 3D finite element model has
been developed, which is able to take the interaction behavior between paving blocks,
in tangential as well as normal direction, accurately into account. Numerous parameter
studies were performed to identify the influence of structural parameters, like the size of
the superelevation, the number and dimension of paving blocks, the interaction between
them, and the loading situation, on the structural behavior.
From these simulations, two different predominating structural failure mechanisms could
be identified: (i) snap through buckling, for very small superelevations of the cross pro-
file, and (ii) the formation of a kinematic chain, which is initiated very fast for high
superelevations. At the transition from one to the other mechanism, the highest loading
capacity of a paving block structure could be numerically observed. The correspond-
ing superelevation, for a specific road width, changes interestingly only very low with
changing boundary and interaction conditions. Therefore, based on comprehensive nu-
merical calculations, it was possible to define an optimal region of superelevation-to-
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road-width ratios. Moreover, a huge influence of the cross profile on the load bearing
capacity of block pavement structures could be detected mechanically sound for the first
time. Consideration of these effects within the design process may strongly improve the
performance prediction of paving block constructions.

2.1 Introduction and Motivation

In recent years, concrete block pavements have become a favorite alternative to asphalt
pavements, mainly in intra-urban regions due to their architectural design possibilit-
ies. Unfortunately, the design concepts are compared to asphalt pavement structures
less sophisticated, which often leads to unexpected performance and, thus, reduces con-
fidence in these structures. More knowledge about the support mechanisms of these
systems and advanced prediction tools are necessary to exploit the potential of this
type of construction and to serve as basis for a more extensive use and possible new
areas of application. In the following, a brief overview of the rather low research activity
regarding simulation tools for paving block structures is given.

Nishizawa (1984) was one of the first who investigated such structures with a finite
element approach. For that, he developed a numerical model with 2D rectangular
plate elements with joints modeled as a set of springs and the sub-base in form of a
liquid foundation. Another 2D finite element analysis was carried out by Jacobs (1988),
where linear spring elements were connecting indeformable rigid body block elements.
Huurman (1992) assumed that the properties of the paving blocks have a minimal effect
on the response behavior of the whole pavement structure. He used a finite element
model with paving blocks interconnected by 4 sets of 3 springs for each joint, which was
placed on four layers of bedding and was subject to a vertical loading.

The first 3D finite element approach can be found in Huurman (1992). Therein, the
interactions between the paving blocks were again modeled by springs. Displacement,
stress and strain information for the paving blocks, as well as for the baselayers and
subgrade was obtained. Higher bending stresses were determined in case of higher joint
stiffness. Hassani (2006) made use of shell elements to model the paving blocks as well as
the joint sand between them. Lerch (2005) and Ascher (2006) modeled the interaction
between the blocks with elements of zero thickness. To integrate a non-linear interaction
behavior, the elastic as well as the shear modulus was adjusted iteratively during the
analysis. Later, contact laws were implemented to model an elastic-plastic interaction
behavior between the paving blocks, where the elastic part depends only on the contact
pressure between elements and the plastic part depends on the number of load changes.
Nejad (2006) chose contact elements to model interactions, finding out that the jointing
width, as well as the shape, size and thickness of the paving blocks have a significant
influence on vertical deformations of paving block structures. Mampearachchi (2010)
used a 3D finite element model to perform a parametric study in order to determine
necessary improvements for weaker support conditions of concrete block pavings. In the
work of Oeser (2010) a sophisticated computational model is presented using elastic as
well as plastic interaction properties. In Füssl (2015b,c, 2016) a 3D numerical simulation
tool for concrete paving slabs is presented, in which both the joint behavior as well as
the behavior of all base courses is modeled non-linear.

To the knowledge of the authors, paving block structures with superelevated profiles
have never been investigated using numerical simulation tools. Even in design codes or
guidelines for the design and construction of paving block structures, especially in the
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Austrian design code RVS 03.08.63(2008), an superelevation of the cross profile of pav-
ing block structures is not considered. Nevertheless, observations in practice suggest a
strong influence of superelevated profiles on the overall performance of such structures.
Many experienced engineers state that these effects should not be neglected within the
design process. The resulting motivation of this work is to develop a numerical simula-
tion tool which is able to capture the effect of such profiles on the load-bearing behavior
of paving block structures, qualitatively as well as quantitatively to a certain extent.
Based on this motivation, the following objectives of this work can be formulated:

• The definition of an appropriate ‘sub’-model of a paving block superstructure, be-
ing sufficient to depict the above mentioned effects, and an automated generation
of the whole model geometry to allow for an efficient investigation of the influence
of different cross profiles,

• an accurate description of the non-linear interaction behavior between paving
blocks,

• the identification of the load-bearing mechanisms depending on the superelevation
as well as the main failure mechanisms, and

• the influence of the load position, the boundary conditions, the number and di-
mension of paving blocks, and the joint properties on the structural performance.

Finally, a mechanically sound evidence for the positive influence of superelevated profiles
on the performance of paving block structures should be provided.

In the following section, Section 2, the numerical simulation tool is proposed, while
the identification of structural failure mechanisms based on the numerical results is
subject of Section 3. Subsequently parameter studies are shown in Sections 4. A brief
summary, concluding remarks and a future outlook are given in Section 5.

2.2 Simulation tool

Since normally a road is superelevated only in transverse direction, to capture the
main influence of its superelevation on the mechanical performance and to analyze the
structural behavior introduced by the banked cross profile, the consideration of only
one paving block row, as shown in Figure 1, was considered sufficient. Moreover, to
isolate the structural behavior of the paving blocks, the underlying base layers were not
modeled. It is obvious that with such a model no direct quantitative assessment of the
structural performance due to superelevated profiles is possible. Nevertheless, structural
failure mechanisms can be investigated very well and, as it will be shown, the main
parameters influencing the structural response can be identified. The superelevated
profiles of all models have a parabolic shape with a maximum height H between 0 cm
and 60 cm. The length of the paving block row LR was set to a fixed value of 3 m, which
corresponds to a typical single-track road width. The length L is the projection of the
length LR to the horizontal x1-x2 plane, and varies with the height H of the profile. In
a first step, the dimensions of the paving blocks were set to an industry standard of
200/100/100 mm. Additional paving blocks with dimensions of 100/100/100 mm were
used as curbstones. As illustrated in Figure 1, the basic model consists of 14 paving
blocks and 2 curbstones. To the paving blocks a linear elastic material behavior is
assigned, with an elastic modulus of 45 000 N/mm2 and a Poissons ratio of 0.15. These
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Figure 2.1: Geometry, boundary conditions, loading cases and
material properties of the numerical model.

values were measured for concrete paving blocks using an ultrasonic measurement device
in Füssl (2015b). Moreover, a density of 24 kN/m3 is assigned to all paving blocks to
take their dead load within the simulation into account. The interactions in lateral road
direction, i.e. the interactions in normal direction to a blocks surface between paving
blocks are defined as hard contact. The interaction behavior in tangential direction
obeys the classical Mohr-Coloumb friction law, with a friction coefficient of 0.6, which
was obtained from vertical shear tests in Füssl (2015a). The separation of surfaces is
allowed, as well as no tensile force can be transferred through the joints between the
paving blocks.

The displacements of the outer surface of the two curbstones are prevented, in all
spacial directions, which prevents any translational and rotational movements of these
two paving blocks at the boundary of the structure. All lateral paving block surfaces
are supported in longitudinal road direction (x1-direction) by an elastic foundation with
a bedding modulus of 15 N/mm3, which is representative for the stiffness of the sand
layer in the joint to the next row of paving blocks. Normal joint behavior experiments
were carried out at the TVFA Vienna, confirming the magnitude of this value.

In a first analysis step the dead-load and in a second analysis step a fictitious wheel-
load, on an area of 380/124 mm, were applied. The models are descretized with approx-

Figure 2.2: Exemplary finite element discretization of one nu-
merical model and corresponding model parameters.
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imately 95 000 elements, which is the result of a mesh size of 9 mm and a slightly finer
mesh on the surface under the load area. Figure 2 exemplarily shows the discretization
of one model. The finally chosen mesh is a compromise between computation time and
result accuracy. As Figure 3 indicates, the influence of discretization is convergent with
a raising number of elements.
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Figure 2.3: Maximum applicable wheel load Fmax and corres-
ponding horizontal reaction force RH as a function of num-
ber of finite elements, determined at a model with a super-
elevated profile with H = 0.104 L.

For the generation of the finite element model and the further variations of paramet-
ers a python script was written, consisting of about 2 500 lines of code. Through a user
interface, this script allows the definition of several parameters, such as the dimensions
of the paving blocks, the banked profiles, the road width, the number of rows, as well
as material and contact parameters. Next, this script runs an iterative procedure to
create the geometry, and finally, all interaction are determined and the corresponding
material parameters are assigned. This script enabled us to perform a high number of
simulations, particularly as it was combined with a second script, which was varying
the input parameters automatically.

2.3 Numerical results – identification of failure mechanisms

Within this section, first numerical results of the proposed simulation tool are presented
and the basic structural failure mechanisms derived therefrom are explained. Typical
load-deformation relationships for three different H/L ratios of the model geometry
(shown in Figure 1) are illustrated in Figure 4. To be able to clearly determine the
maximum wheel load F (black circles in Figure 4), later referred to as Fmax, an arc
length method based on the Riks-Wempner method was used to control the application
of load increments. Thereby, the iterations are not performed at a constant external
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Figure 2.4: Typical load-deformation relationships for three dif-
ferent superelevations (H/L ratios of the model geometry)
under LC2, obtained using an arc length method (Riks-
Wempner-Method) controlling the application of load in-
crements.

load, but at a generalized displacement vector, which gets extended by a load factor.
With this approach it was possible to reliably determine the maximum wheel load Fmax

for H/L ratios from 0.003 to 0.15, shown in Figure 5.
As the paving blocks are not rigidly connected and there is no cohesive behavior

assumed between the blocks, tangential forces can only be transmitted through fric-
tion. Therefore, for paving block structures with no elevation, no equilibrium state
can be found. Starting at low superelevations, with increasing superelevation (H/L ra-
tio) the maximum applicable load, Fmax, increases quickly, reaching a maximum value
at a certain superelevation and decreases quickly immediately thereafter. This highly
non-linear distribution indicates a change in the structural failure mechanism over the
investigated range of H/L ratios. Indeed, two basically different mechanisms could
be observed by analyzing the corresponding deformation fields of all models. At low
elevations H, ‘snap through buckling’ of the structure is the dominant failure mode, de-
termining the ultimate load Fmax. Tensile stresses due to bending of the structure are
in large parts overpressed by compressive stresses resulting from the arch effect due to
the elevation. With increasing superelevation (H/L ratio) the horizontal pressure force
in the structure decreases, as shown schematically in Figure 6 (state ā to state a), and
for this reason ‘snap through buckling’ occurs at a higher force F. On the other hand,
the bending moment introduced by the distance a (defining the difference between the
structures‘ geometry and the ideal load transfer path), shown in Figure 6(a), increases
and the main failure mechanism is dominated by the formation of a ‘kinematic chain’.
The term ’kinematic chain’ refers to a system, where the number of support reactions
is smaller, than the number of possible directions of movement, therefore at least one
direction of movement counteracts no bearing reaction and the system can move or
rotate freely in this direction.
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Figure 2.5: Maximum wheel load as a function of the H/L ratio
for LC2. Assignment of numerically-identified structural
failure mode (1, 2, or 3) to H/L ratio regions.

With a further increase of the superelevation H, the distance a also increases (as
shown in Figure 6(c) to Figure 6(c̄)) and the formation of the ‘kinematic chain’ is intro-
duced at a lower load F. Based on this evaluation of deformation fields, the dominating
failure mechanisms are assigned to ranges of H/R ratios in Figure 5.

Representative deformation states (for points a, b, and c in Figure 5) at the ultimate
load Fmax are shown in Figure 7. The structures in Figure 7 (a) and (c) can resist about
the same load but show a totally different failure mechanism. The former fails due to
‘snap through buckling’ while it comes to the formation of a ‘kinematic chain’ in the
latter. Thereby the tensile stresses resulting from bending moments cannot be over-
pressed entirely by the compressive stresses induced by the arc effect. Gradually gaps
are opening between the blocks, initiating the afore mentioned transition to a unstable,
statically under-determined system. The contacts where these gaping occurs behave
similar to ’hinges’, and thus, they are called as such subsequently. The occurring ‘hinges’
and their order of appearance are marked in Figure 7. Moreover, the load-deformation
behavior is significantly different between these two failure modes, as can be seen in
Figure 4. At lower elevations and ‘snap through buckling’, respectively, the effective
stiffness of the structure is much smaller and the post-peak failure behavior is more
stable.

So far, only loadcase 2 has been considered and the boundary conditions as well
as the dimensions of the paving blocks and their interaction behavior have been kept
constant. Within the following section, all these parameters are varied and the influence
of these variations on the relationship presented in Figure 5 will be shown.
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Figure 2.6: Schematic representation of the most important variables to
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Figure 2.7: Illustration of the three different failure mechan-
isms obtained: (a) Snap through buckling, (b) mixed failure
mode, and (c) kinematic chain failure.
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2.4 Numerical results – parameter studies

Figure 8 shows the relationship, presented in Figure 5 for LC2, between the ratio of the
elevation H of the paving block structure and the road width L, H/L, and the maximum
applicable wheel load Fmax for the three different LCs defined in Figure 1. As the
wheelload moves away from the center (LC3), the distance between the theoretically
optimal supportline and the possible load transfer path increases and, for this reason,
the structure experiences higher bending moments. Thus, the maximum applicable
loads at almost all superelevations are smaller, but again increase when the load comes
closer to the supports. If we consider the three chosen LCs as representative for the
overall loading of the pavement structure, an optimum ratio H/L can be identified as the
maximum value of the area enclosed by the three graphs in Figure 8. Selected numerical
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Figure 2.8: Maximum applicable wheel load Fmax as a function
of the superelevation (H/L ratio), for all three considered
LCs.

results for an H/L ratio of 0.15 and for four different LCs are shown in Figure 9, giving a
good impression of the arising ‘kinematic mechanisms’ at the point of structural failure.
Figure 9(a) shows that paving blocks can shear off in combination with the ‘kinematic
chain’ failure when the load application is located near a support of the structure. In a
next step, the question will be answered how the optimum H/L ratio is affected by the
following structural properties:

1. The horizontal stiffness of the boundary conditions, representing the horizontal
stiffness of the whole structure,

2. the number of paving blocks,

3. the frictional behavior of the vertical joints,

4. the height of the paving blocks, and

5. the material strength of the paving blocks.
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Figure 2.9: Illustration of the kinematic chain formations for
a structure with a very high H/L ratio of 0.15, for four
different LCs.
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1. Horizontal support stiffness

Figure 10 shows the maximum applicable wheel load Fmax (for LC2) as a function
of the horizontal support stiffness of the structure, for two different H/L ratios.
As expected, Fmax decreases with decreasing horizontal support stiffness, until no
structural resistance is available at zero horizontal support stiffness. This trend
was observed for all elevations in a similar manner. Whereas for superelevations
associated with the failure mode ‘snap through buckling’, the increase of Fmax

with increasing horizontal support stiffness is steeper. This means, conversely,
that pavement structures with a low superelevation are slightly more sensitive,
within the practical relevant region of support stiffnesses from 0 to 50 N/mm3,
with respect to a reduction of the horizontal structural stiffness than strong su-
perelevated structures.
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Figure 2.10: Maximum applicable wheel load Fmax (for LC2) as a
function of the horizontal support stiffness, for two different
H/L ratios.

To determine how the optimum elevation, defined before and shown in Figure
8, depends on the horizontal support stiffness, the same relationships as shown
in Figure 8 were determined for two additional boundary conditions, a support
stiffness of 5 and 50 N/mm3. The results for all three boundary conditions are
illustrated in Figure 11. While the overall level of structural resistance strongly de-
creases with ‘softer’ lateral support, the optimum H/L ratio interestingly changes
very little. Taking into account the horizontal support stiffness of such a struc-
ture, the range of the optimum elevation can now be defined as 0.030 to 0.039 L.
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Figure 2.11: Maximum applicable wheel load Fmax as a function
of H/L ratio, for three different LCs and for three different
horizontal support stiffnesses (5 N/mm3, 50 N/mm3, and
‘rigid’).

2. Number of paving blocks

Next, the influence of the number of paving blocks per meter arc length on the
load-bearing behavior of the structure is investigated (see Figure 12). With an
increasing number of paving blocks the system becomes weaker. This effect is more
pronounced at high elevations, as can be clearly seen in Figure 12 by comparing
the relationships for H/L ratios of 0.017 and 0.061. At elevations where ‘kinematic
chain’ failure can be expected, more paving blocks increase the structural degrees
of freedom and, thus, the structural resistance is decreased. This can also be seen
in Figure 13, where Fmax is plotted over the H/L ratio of structures with 5 and
15 paving blocks per meter arc length, which represents the range of practical
application. The corresponding area of optimum elevation is between 0.028 and
0.039 L.

3. Joint behavior

Another important parameter which has to be considered is the friction coeffi-
cient between the paving blocks, representing the maximum frictional resistance
between paving blocks defined by the product of the compressive stresses between
the paving blocks and the friction coefficient: τres = σn · µ. When the frictional
shear stress exceeds the frictional resistance in all points of a surface to surface
contact, sliding occurs till equilibrium is found again or the system collapses.
Models with frictionless joint behavior can not resist any load, they turn kin-
ematic and collapse. On the other hand, friction coefficients higher than 0.2 do
not contribute to the maximal applicable load anymore, because the maximum
occurring frictional shear stress is already covert, as the results in Figure 14 in-
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Figure 2.12: Maximum applicable wheel load Fmax (for LC2)
as a function of the number of paving blocks per meter arc
length, for three different H/L ratios.
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Figure 2.13: Maximum applicable wheel load Fmax as a function
of H/L ratio, for three different LCs and for two different
number of paving blocks per meter arc length (5 and 15
paving blocks / meter).
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dicate. As the friction coefficient of 0.2 is already exceeded by most paving block
structures customary in the market, no further simulations were run regarding the
joint behavior.
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Figure 2.14: Maximum applicable wheel load Fmax as a function
of the friction coefficient in vertical joints.

4. Height of paving blocks

Further, the height of the paving blocks directly influences the stresses present
in the simulated pavement structures. Figure 15 shows the simulation results for
different H/L ratios and paving block heights of 80, 100, and 120 mm. Again
the range of optimum elevations was found to be in a similar range as for the
structural properties investigated before, between 0.030 and 0.040 L.

5. Material strength of paving blocks

As all of these simulations were not restricted by material strength parameters,
very high loads could be applied to the structures. To obtain more realistic values
for the load bearing capacity of the investigated structures and to identify the
impact on the optimum superelevation, Fmax was determined as the wheel load
under which the maximum principal stress in the paving block reaches a strength
value of 50 N/mm2, which represents the upper boundary of the common block
pavement material strength range. The results from this evaluation, illustrated in
Figure 16, show that the optimal elevation lies at 0.042 L.
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Figure 2.15: Maximum applicable wheel load Fmax as a function
of H/L ratio, for three different LCs and for three different
paving block heights (120, 100, and 80 mm).
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Figure 2.16: Maximum applicable wheel load Fmax as a func-
tion of H/L ratio, taking into account a maximum principal
stress of 50 within the paving blocks.
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2.5 Conclusion and Outlook

Within this work, the effect of superelevated profiles of paving block structures on their
load-bearing behavior has been investigated using a numerical model. The modeling of
only one paving block row was considered to be sufficient to capture the main structural
failure modes. Hundreds of non-linear numerical simulations have been carried out, with
an average of 335 000 degrees of freedom and an average calculation time of 3.5 hours.
The generation of all models as well as the calculations themselves were controlled by a
phython script, allowing for an efficient processing of the simulation program, especially
with regard to the creation of the different model geometries.

Based on the obtained results from this comprehensive simulation program the fol-
lowing conclusions can be drawn:

• With the developed simulation tool the load-bearing behavior of superelevated
paving block structures could realistically be reproduced. The use of an arc length
method to control the application of load increments allowed for a reliable determ-
ination of limit loads for different paving block structures, and, thus, allowed for
a mechanically-sound analysis of such structures.

• The load carrying capacity of the investigated paving block structures is activated
by compressive stresses at the contact surfaces between paving blocks, depending
on the shape of the superelevated profile. These compressive stresses allow tan-
gential forces to be transmitted between paving blocks by frictional resistance and
occuring bending moments are suppressed until it comes to structural failure.

• Through an accurate description of the non-linear interaction behavior between
paving blocks, taking into account the frictional behavior in tangential direction
and the separation in normal direction, the structural behavior of superelevated
paving block structures could be simulated realistically. Two main failure mechan-
isms could be identified, ‘snap through buckling’ and a mechanism characterized
by the development of a ’kinematic chain’. The maximum applicable wheel load as
well as the occurring failure mechanism depends on the size of the superelevation.

• Considering three different loading situations and a large number of different su-
perelevations, a range of optimal superelevations could be identified. Interestingly,
the effect of different structural properties, such as horizontal support stiffness,
paving block dimensions, number of paving blocks, etc., on this range is smal-
ler than expected. For all investigated structures, the optimum superelevation
lies between 0.028 and 0.042 times the road width. This optimum superelevation
seems steep, especially compared to the recommended lateral elevation for surface
drainage which lies between 2% and 2,5% as in RVS (2009). But even a lower
superelevation will show positive effects on the structures behavior.

• In order to make reliable quantitative statements with respect to the load carrying
capacity larger sub-models, including several paving block rows and base layers,
probably need to be investigated. Nevertheless, based on these results, the positive
influence of superelevated profiles on the load-bearing behavior of paving block
structures can be confirmed.

In order to investigate the influence of different laying patterns of paving blocks on
the structural response, larger models are considered in a follow-up study, as shown
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in Figure 17(a) and Figure 17(b). Both structures represent a conventional stretcher
bond, with the difference that the laying pattern is 90 degree twisted between these
two structures. Both models consist of 17 rows, each comprising 31 paving blocks
with dimensions 200/200/100 mm, leading to a pavement width of 620 cm. In lateral
direction, the structures are clamped and the side faces in driving direction are elastically
bedded (bedding modulus of 15 N/mm3). As loading a truck axle with 2.75 m wheelbase
was applied, with a tire contact area of 380/124 mm. The reaction forces at the rigid
lateral support are shown in Figure 17(c) and Figure 17(d). The laying pattern on
the left side of Figure 17 is characterized by continuous joints transverse to the driving
direction, resulting in a more concentrated load introduction into the lateral supports.
A further consequence is a larger vertical deformation, as can be seen by the comparison
of Figure 17(e) and Figure 17(f).

A sophisticated and automated model generation allows the study of such complex
model geometries with a large number of interactions. For this reason, future work
is devoted to the extension of the modelling capabilities together with an easy to use
interface, to make this numerical simulation tool accessible for engineers.

(a) Mises stress (b) Mises stress

(c) Reaction forces at rigid support (d) Reaction forces at rigid support

(e) Vertical deformation (f) Vertical deformation

Figure 2.17: Example of a superelevated block pavement
(no underground) with a simulated axle loading (2 weels:
380/124.1 mm), Def. scale factor=10
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Paving block structures are experiencing an upswing in urban areas, mainly due to their
ecological, economical and space forming qualities. Unfortunately, this trend is being
weakened by damages which occur even if all design standard were met. Very often
unsightly horizontal relative deformations between paving blocks are observed, a failure
mechanism which is not taken into account in standards sufficiently.
The identification and assessment of such horizontal deformation mechanisms of paving
block superstructures represents the main objective of the present work. This is real-
ized by means of complex 3D finite element simulations, investigating 6 different laying
patterns with 5 different types of paving blocks. The non-linear interaction behavior
between paving blocks was identified experimentally, implemented into the numerical
simulation tool, and subsequently allowed for the reproduction of very realistic hori-
zontal deformation mechanisms.
Finally, the performance of several laying pattern and paving block type configura-
tions were compared to each other, pointing out the strength and weaknesses of each
superstructure and revealing which combinations are best performing.
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3.1 Introduction and Motivation

Paving block structures are experiencing an upswing in urban areas due to their ecolo-
gical, economical and space forming qualities compared to common asphalt pavements.
Even in areas with high traffic volumes paving block structures are expected to repres-
ent a suitable alternative to common pavement building systems in future. This trend
is, however, continuously weakened by unexpected damage of newly built paving block
pavements. The reason for this are immature design concepts and standards, which are
heavily based on the concepts for asphalt pavements and do not take the special char-
acteristics of this block-like structures sufficiently into account. The success of a project
is therefore strongly dependent on the quality of planning and construction provided
by experienced engineers and executing companies, rather than on reliable scientific
knowledge implemented into design concepts and standards.

Figure 3.1: Damage in a paving block struc-
ture because of too little horizontal load-
ing resistance.

A brief overview of the rather modest research activities concerning paving block
structures is given in the following. One of the first investigations on paving block
structures with finite element simulations were done by Nishizawa et al. (1984) in 1984.
He developed a numerical model with the joints modelled through a set of springs
and 2D rectangular plate elements. In 1988 Jacobs and Houben (1988) undertook
further investigations using 2D rigid block elements connected with linear springs. The
first 3D finite element approach can be found in Huurman et al. (1992), where the
numerical model contains paving blocks interconnected by four sets of three springs
for each joint. The paving block superstructure is placed on four layers of bedding
and subject to vertical loading. Displacement, stress, and strain information for the
paving blocks, as well as for the baselayers and subgrade could be obtained. Higher
bending stresses were determined in case of higher joint stiffness. Hassani (2006) used
shell elements to model paving blocks and the joints between them. Lerch (2005)
and Ascher et al. (2006) implemented a non-linear interaction between paving blocks,
represented by zero-thickness elements in their simulations, where elastic as well as
shear moduli were adjusted iteratively during the analysis. Later, this interactions were
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substituted by non-linear contact laws, allowing for elastic-plastic interactions between
paving blocks. Also Nejad and Shadravan (2006) modelled interactions with contact
elements and found out that jointing width, shape, size, and thickness of the paving
blocks have a major impact on the vertical structural deformations. Mampearachchi and
Gunarathna (2010) performed a parametric study under usage of a 3D finite element
model to determine necessary improvements for weaker support conditions of paving
block structures. In the work of Oeser and Chandra (2010) a 3D Cosserat theory is
applied to a sophisticated computational model using elastic as well as plastic interaction
properties. A 3D numerical simulation tool for concrete paving slabs is presented in
Füssl et al. (2015a), Füssl et al. (2015b) and Füssl et al. (2016a), where non-linear
and plastic behavior between paving slabs and between slabs and sandbed is taken
into account. In Hengl and Füssl (2016) various parameter studies were carried out on
comprehensive numerical models to define an optimal region of superelevation-to-road-
width ratios for superelevated profiles of paving block structures.

The main focus of all these research lied on the vertical structural response of paving
block structures and the critical stresses and strains in the underlying baselayers. In
addition to the vertical resistance, however, the structural resistance to horizontal loads
is assumed to represent an equally important performance characteristic, especially for
paving block structures. According to experienced engineers, it is often observed in
practice that due to braking and steering maneuver of heavily loaded trucks or buses
damage is introduced into paving block structures. Such loadings are normally not part
of design approaches and also hardly treated in scientific literature. Neglecting these ho-
rizontal loadings can cause damage in form of permanent shiftings in the superstructure
and chipped edges of paving blocks, as can be seen in Figure 3.1.

For example, the Austrian regulation for paving block pavements RVS 03.08.63
defines the admissible paving block structure as well as the thickness of the base courses
only based on the expected traffic volume. However, it is obvious that the paving block
surfaces, the shape, as well as the laying pattern must have a significant impact on the
horizontal shifting resistance (responsible for frequently observed shortcomings) of the
superstructure. This represents the main motivation for this work, which aims at a
numerical simulation tool able to capture the effect of different laying patterns as well
as different types of paving blocks on the horizontal shifting resistance of the related
paving block superstructure. Based on this motivation, the following main objectives
had been defined:

• The definition of sufficiently large and suitable sub-models of paving block super-
structures allowing for the determination of the horizontal shifting resistance of
these structures without significant influence of the boundary conditions. Further-
more, an automated generation of the whole superstructures geometry, to allow
for an efficient investigation of several paving block geometries as well as laying
patterns.

• An appropriate description of the non-linear interaction behaviour, in tangential
as well as normal direction of the vertical joints, between paving blocks. Shear
failure in the joints and the opening of joints should be reproduced realistically.

• Finally, the finite-element-based determination of the horizontal shifting resistance
as well as the corresponding deformation (failure) mechanisms of different paving
block superstructures.
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The 5 types of paving blocks and the 6 different laying patterns investigated in this
work are shown in Figure 3.2. To get realistic interaction properties, describing the
contact behaviour between paving blocks, two types of experiments on paving blocks
were carried out. The experimental setup as well as the results are given in Section
2. In Section 3, the developed simulation tool is described in and the corresponding
numerical results are presented in Section 4. Thereby, each paving block was examined
in every type of laying pattern. Finally, concluding remarks are given in Section 5.

(a) (b) (c) (d) (e)

(1) (2) (3)

(4) (5) (6)

Figure 3.2: Paving block types and laying patterns investig-
ated in this work: (a) Granite Cube, (b) Concrete Block,
(c) Concrete Interlocking Block (CIB), (d) Double-T
Block, (e) Wave Block, and (1) Stretcher Bond, (2)
Stretcher Bond 45◦, (3) Herringbone, (4) Stacked Bond,
(5) Stacked Bond 45◦, (6) Herringbone 45◦

3.2 Identification experiments for the vertical joint beha-
viour

The transmission of forces between paving blocks through the vertical joints of the pav-
ing block structure strongly affect, not to say define, the overall structural behaviour in
horizontal direction. For this reason, special focus was laid on the identification of these
properties. Two different kinds of experiments were carried out at the TVFA Vienna to
obtain shear and normal properties for all of the 6 paving block types aforementioned.
The experiments and the results are presented in the following two subsections. Addi-
tional information about such experiments can be found in Füssl et al. (2016b), where
similar tests were performed by the authors.
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Deformation un [mm] Pressure σn [MPa]
-0.5 0
0 0.0001

0.05 0.15143
0.1 0.35921
0.15 0.62114
0.2 0.93722
0.25 1.30745
0.3 1.73183
0.35 2.21036
0.4 2.74304
0.45 3.32987
0.5 3.97085
0.55 4.66598

Table 3.1: Average normal joint behaviour extracted from the experimental
results shown in Figure 3.4, used as input to the numerical simulation
tool.

3.2.1 Normal joint behavior experiment

The experimental setup for the identification of the joint behaviour in normal direction is
illustrated in Figure 3.3. Thereby, two paving blocks are placed on a wooden multilayer

Figure 3.3: Experimental setup for the identification of the joint
behaviour in normal direction.

board and the 5 mm thick joint between them is filled with sand (0/2) and manually
compacted. One paving block is completely clamped while to the other one a horizontal
force H is applied and the relative normal displacement un between these two blocks
is measured with an LVDT. The obtained relationships between the normal stress σn
and the displacement un for 5 performed tests are plotted in Figure 3.4. Since this
information was assumed not to be as decisive as the shear behaviour and less dependent
on the type of paving block, this experiment were only conducted with Concrete Blocks
and Concrete Interlocking Blocks. Finally, an average response was evaluated (red
graph in Figure 3.4), from which the input data for the numerical simulation tool was
extracted (given in Table 1).
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Figure 3.4: Relationships between the normal stress σn in the vertical
joints and the relative displacement un between paving blocks (Concrete
Blocks and Concrete Interlocking Blocks) obtained from experiments.

3.2.2 Tangential joint behaviour

The experimental setup to identify the tangential joint behaviour is illustrated in Fig-
ure 3.5. Thereby, three paving blocks are arranged in a row on a wooden multilayer
board and the 5 mm thick joints in-between are filled with sand (0/2), which is mech-
anically compacted under dry conditions. Then, in a first step, a constant load H is
applied in "row"-direction (horizontal direction in Figure 3.5), allowing frictional forces
to be activated in the joints. In a second step, an increasing load F is applied to the
middle paving block transversely to the "row"-direction up to the point of shear failure
(see, e.g., Figure 3.5 (b, d, f)). The relative displacements in "row"-direction as well
as the force F were measured continuously. This experiment was carried out for all 5
types of paving blocks, at each for up to 5 different constant loads H and with at least
two tests per configuration to ensure repeatability. For all these tests the maximum
(average) shear stress in the joint as a function of the average normal stress in the joint,
defined through the load H, is plotted in Figure 3.6.

The data of each paving block type can be connected through a Mohr-Coulomb
friction law quite well (linear graphs in Figure 3.6). The resulting Mohr-Coulomb
friction parameters (cohesion and friction angle) for each paving block type are given
in Table 2, and were subsequently used as input to the numerical simulation tool.

3.3 Numerical simulation tool

Exemplarily for all models of different laying patterns, the model for a stretcher bond
45◦ is displayed in Figure 3.7. It only consists of the paving blocks and the underlying
sandbed. The other base layers were not modelled explicitly, since it can be assumed
that they contribute only little to the horizontal shifting resistance of the whole paving
block structure. At least they would not influence the performance comparison between
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(a) Double-T Block, Initial (undeformed)
configuration.

(b) Double-T Block, Exemplarily state
after failure.

(c) Concrete Block, Initial (undeformed)
configuration.

(d) Concrete Block, Exemplarily state after
failure.

(e) Wave Block, Initial (undeformed) con-
figuration.

(f) Wave Block, Exemplarily state after
failure.

Figure 3.5: Experimental setup to identify the tangential joint
behaviour for (a,b) the Double-T Block, (c,d) the Concrete
Block, and (c,f) the Wave Block.
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Figure 3.6: Shear stress resistance - Results of horizontal displacement
experiments

Specimens dimension [cm] cohesion c [MPa] friction angle [◦]
Concrete Block 20/10/8 0 49.69
Granite Cube 18/18/18 0.0189 29.56
Wave Block 21.5/10.5/8 0.0422 71.15
CIB 20/10/8 0.4994 57.64
Double-T Block 19.5/16/7.6 0.7519 63.23

Table 3.2: Mohr-Coulomb friction parameters for all 5 paving block types
obtained from identification experiments.



Publication C 48

different paving blocks and laying patterns, which is the main focus of this work. For all

Dimensions Blocklayer
overall: 5,2 x 2,6 [m]
per element: 0,2 x 0,1 x 0,1 [m]

Dimensions Sandbed
overall: 5,8 x 3,2 [m]

Sandbed-Support
ux, uy, uz = 0

Material for Blocks
E = 45000 [MPa]
ν = 0,15
ρ = 2,4 [kN/m3]

Load
H = V = 57500 [N]

Material for Sandbed
E = 350 [MPa]
ν = 0,3
ρ = 1,8 [kN/m3]

Elastic Foundation Horizontal
9 [MPa] for Sandbed, Blocklayer

Figure 3.7: Geometry and boundary conditions of the numerical model
illustrated by means of a stretcher bond 45◦ model.

models the chosen modelling area is rectangular with an approximate dimension of 5.8 m
to 2.6 m. Small deviations to this dimensions result from the different laying patterns.
The dimensions of the paving blocks are set, according to an industry standard, to
200/100/100 mm. Paving blocks with different geometry and dimensions are used as
border stones to provide a straight boundary. Linear elastic material behaviour is
assigned to the paving blocks, with an elastic modulus of 45 000 MPa, which was
obtained by ultrasonic experiments on similar paving blocks in Füssl et al. (2015b), and
a poisson’s ratio of 0.15. Furthermore, a specific weight of 24 kN/m3 was assumed for
the paving blocks, allowing to take their dead load within the simulations into account.

The interaction between paving blocks in normal direction is defined as a tabular
pressure-overclosure relationship according to the normal joint behaviour experiments
described in Section 2, whereas the exact values used can be found in Table 1. The
interaction behaviour in tangential direction between paving blocks is described by
a Mohr-Coulomb friction law, with the cohesions and friction angles obtained from
the tangential joint behaviour experiments described in Section 2. For all investigated
paving blocks these strength values can be found in Table 2. The default Mohr-Coulomb
friction criterion in Abaqus is not able to take a cohesion not equal to zero into account.
For this reason, this criterion has been adapted and implemented as a user subroutine
written in Fortran. More details of the implementation of this tangential behaviour
will be given in a following subsection. At the lateral boundary all paving blocks are
supported by an elastic foundation with a bedding modulus of 9 MPa/mm, which is
an extrapolated value obtained from the normal pressure-displacement relationship in
Figure 3.4. This bedding modulus approximately represents the stiffness of a vertical
sand joint adjacent to a rigid border block.

To the underlying sandbed also a linear elastic material behaviour has been assigned,
with an elastic modulus of 350 MPa, a Poisson’s ration of 0.3 and a specific weight of
18 kN/m3. Since the vertical structural response of the paving block structure was
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not investigated in this work it seemed not to be necessary to model a more complex
behaviour. For this reason, also the displacements of the lower surface of the sandbed
were simply prevented in all spacial directions. Between the sandbed and the paving
blocks a "hard" contact was assumed in normal direction, allowing the paving blocks
to lift off unstressed while stresses are transmitted fully under pressure. In tangential
direction classical Mohr-Coulomb friction is modelled with a frictional coefficient of 0.6
and no cohesion.

The whole model is discretised with 8-node hexahedron elements, except some of
the border blocks with non-rectangular geometry where wedge elements are used. Ex-
emplarily, the discretised version of the stretcher bond 45◦ model is shown in Figure 3.8.
A characteristic mesh size of 25 mm is used for the paving blocks, whereas the mesh is

Figure 3.8: Discretisation of the stretcher bond 45◦ model with 8-node
hexahedron elements.

refined (12.5 mm characteristic mesh length) in the area where the wheel-load is applied.
The horizontal element lengths of the mesh of the sandbed is 50 mm, finally resulting
in a total number of elements for each model of around 100 000.

The simulations were carried out as follows: In a first analysis step the dead load
and in a second analysis step a fictitious braking performance of a single tire was applied
to a single paving block. This fictitious loading consists of a standard vertical tire load
of 57.5 kN and of a horizontal loading of equal size, representing an absolute upper
limit of possible braking forces. The finite element analysis was carried out with the
Abaqus/Standard solver on a HPC computing cluster at TUWien, using unsymmetrical
matrix storage and including non-linear effects of large displacements.

To improve the stability of the numerical simulations an elastic slip at all tangential
contact interactions was allowed. However, this elastic slip was restricted to 0.0005
times the adjacent characteristic element size lel and therefore has no significant influ-
ence on the numerical result. The ideal frictional behaviour, where no relative motion
∆ut is allowed for |τ | < τcrit, as displayed in Figure 3.9 (a) is thus approximated with
the relationship shown in Figure 3.9 (b). So, a small amount of elastic motion, related
to the frictional shear stress through:
∆uel = τcrit

∆uel,max
·∆ut = 0.6·σn

0.0005·le ·∆ut : {∆ut ∈ R | |∆ut| ≤ ∆uel,max},
where σn represents the pressure between paving block and sandbed, is allowed. For
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more detailed information about the numerical implementation of Mohr-Coulomb fric-
tion using the penalty method, which was used in this work, the reader is referred to
Corp. (2016).

τcrit

τ

∆ut

(a)

τcrit

τ

∆ut

(b)

0.0005 · le = ∆uel,max

Figure 3.9: (a) Ideal frictional behaviour and (b)
the approximation allowing a small amount
of elastic slip used in this work.

3.3.1 Creation of different model geometries

Due to the large number of paving blocks modelled for each laying pattern (as can be
seen in Figure 3.7) and to be able to flexibly adjust geometric parameters the models
were generated by an extensive python script consisting of more than 1000 lines of code.
The script offers a GUI through which future users can define a variety of parameters,
such as the dimensions of the paving block, the size of the model region, the material
and contact properties, as well as the type of laying pattern. Subsequently, the whole
model is generated automatically, including the geometry of the border stones and all
the contact interactions between the paving blocks and the paving blocks and the sand-
bed. Furthermore, in combination with a bash script this automated model generation
provides a powerful tool for conducting parameter studies.

3.4 Numerical simulation results

As already mentioned within the introduction, numerical simulations have been per-
formed for each configuration of the 5 different paving blocks and the 6 different laying
patterns proposed, with the intention to determine the effect of those on the horizontal
shifting resistance of the corresponding paving block superstructure. Trying to present
the results in a structured way, in the first subsection the performance of all 5 paving
blocks is compared by means of two laying patterns, while the performance of the 6
different laying patterns is compared in the second subsection by means of only the
Concrete Block and the Concrete Interlocking Block. Finally, a results overview of all
simulations conducted is given in the third subsection.

3.4.1 Performance of different paving blocks arranged in the same
laying pattern

Figure 3.10 shows the horizontal deformation fields for all 5 different paving blocks
layed in a stacked bond. For comparison reasons all paving blocks were modelled with
the same dimensions. In addition, it should be noted here that since the non-planar
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side surfaces of the Double-T Block as well as the Wave Block are already considered
within the identified strength parameters obtained from experiments, the real geometry
of these paving blocks doesn’t need to, or even must not, be modelled at this structural
scale.

(a) Stack - Concrete Block, umax=6.11 [mm] (b) Stack - Granite Cube, umax=5.68 [mm]

(c) Stack - Wave Block, umax=2.00 [mm] (d) Stack - CIB, umax=1.15 [mm]

(e) Stack - Double-T Block, umax=1.08 [mm]

[mm]
1.4+

1.03

0.67

0.30

0.07

Figure 3.10: Horizontal deformation fields of the 5 investigated paving blocks
arranged in a stacked bond. A vertical and horizontal load of 57.5 kN each is
introduced on one paving block. Scaling of deformations: 100.

For the visualisations in Figure 3.10 the sandbed was excluded and the deformations
were scaled by a factor of 100. All deformation fields are related to the same fictitious
loading state as described before and, thus, show an impressive performance difference
between these five different paving blocks. For the Concrete Block, exhibiting zero co-
hesion between paving blocks, about six times the deformation was obtained compared
with the best-performing Double-T Block. Since there are no compressive stresses in
transverse direction, the Concrete Block is not able to transfer shear stresses to adjacent
rows and, thus, only the loaded row is shifted in load direction. The maximum displace-
ment could be obtained by simply summing up the overlaps of the paving blocks in this
row, which can be interpreted as the compression of the sand joints plus the displace-
ment of the border block of the structure, which is kept quite small by a relatively stiff
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elastic foundation on the boundary. It can be assumed that the maximum displacement
would be even larger if more paving blocks were modelled in load direction. A similar
picture is drawn by the Granite Cube, also exhibiting only a very small cohesion of
0.019 MPa. For this reason, as expected, paving blocks with no interlocking effect (co-
hesion) are not suitable for this laying pattern. A completely different system response
was obtained for the three paving blocks having significant interlocking capabilities, the
Wave Block, the Concrete Interlocking Block, and the Double-T Block. For all three,
the obtained displacement field was proven to be independent on the boundary condi-
tions, and without any compressive force in transverse direction they are able to activate
a large amount of paving blocks counteracting the very concentrated introduced load.

This can also be seen very clearly in Figure 3.11, in which the normal and shear
contact forces between paving blocks are vividly illustrated, for the Concrete Blocks
and the Concrete Interlocking Blocks.

The great decrease of contact forces in the surrounding of the load introduction
comes from the great shear forces which can be transferred to the sandbed by the paving
blocks which experience a substantial vertical loading. At a certain distance from the
load introduction a constant decrease of contact forces can be observed, reflecting the
shear transfer capability of the paving blocks to the sandbed only due to their dead
weight.

These large areas of constant shear transfer to the sandbed (for the Concrete In-
terlocking Blocks) can be nicely seen in Figure 3.11(f). Interestingly, between these
areas and the load introduction zone where very high shear forces are introduced into
the sandbed, an area with no force transmission becomes visible. A deeper look at the
simulation results revealed that in these areas the paving blocks are lifted and, thus,
are having no contact to the sandbed.

A far lesser impact of the typ of paving block on the horizontal deformation was
obtained for the stretcher bond laying pattern, as can be seen in Figure 3.12. Clearly,
this laying pattern allows for a natural distribution of the introduced load into the
transverse direction for all types of paving blocks. This is illustrated by means of the
nodal normal contact forces plotted in Figure 3.13 for the Concrete Block superstructure.

Nevertheless, still a significant influence of the joint properties remain, leading to a
2.5 times higher deformation of the Concrete Block structure compared to the Double-T
Block structure. Anyways, the appropriate choice of the size of the modelling region, to
avoid a strong influence of the boundary conditions, can be seen well here. Only for the
Double-T Block superstructure an even smaller maximum deformation would probably
be obtained with a larger transverse modelling length.

3.4.2 Performance of different laying patterns with the same paving
blocks

In the following, horizontal deformation fields are shown for the 6 different laying pat-
terns and for the Concrete Block as well as the Concrete Interlocking Block.

The results for the stacked bond, the stretcher bond, and the herringbone are illus-
trated in Figure 3.14. Figures 3.14 (a) to (d) have already been shown before, but only
in this comparison it becomes obvious that the stretcher bond represents the ideal laying
pattern for conventional concrete paving blocks. The maximum horizontal deformation
is only slightly higher than that of the concrete block with interlocking effect in the
stretcher bond, and it is smaller than the maximum deformation in all other laying pat-
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(a) Normal contact forces between
Concrete Blocks

(b) Normal contact forces between
Concrete Interlocking Blocks
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(c) Shear contact forces between
Concrete Blocks

(d) Shear contact forces between
Concrete Interlocking Blocks
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(e) Concrete Blocks: Shear contact
forces in loading direction

(f) Concrete Interlocking Blocks:
Shear contact forces in loading dir-
ection
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Figure 3.11: Visualisation of contact forces (in loading direction)
between paving blocks, for the stacked bond laying pattern.
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(a) Stretcher - Concrete Block, umax = 2.44[mm] (b) Stretcher - Granite Cube, umax = 1.77[mm]

(c) Stretcher - Wave Block, umax = 1.28[mm] (d) Stretcher - Concrete interlocking block, umax =
0.98[mm]

(e) Stretcher - Double-T Block, umax = 0.90[mm]

[mm]
1.4+

1.03

0.67

0.30

0.07

Figure 3.12: Horizontal deformation fields of the 5 investigated paving blocks ar-
ranged in a stretcher bond. A vertical and horizontal load of 57.5 kN each is
introduced on one paving block. Scaling of deformations: 100.
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Figure 3.13: Nodal normal contact forces in load direction for a
stretcher bond with Concrete Blocks.

terns. Conversely, CIBs are ideally suited for a stacked bond, because their interlocking
capabilities fully compensate the non-interlocking nature of this laying pattern.

It is also interesting to see that the performance of the Concrete Block is getting
worse when laid in a herringbone laying pattern instead of a stretcher bond while the
performance of the CIB is getting even better. This is because the interlocking capability
of the herringbone can only be activated ideally if the vertical joints exhibit cohesive
behaviour (as can be seen in Figures 3.14 (e) to (f)).

The deformation fields of the three remaining laying patterns, the 45◦ rotated ones,
are shown in Figure 3.15.

As can be seen, even for this complex arrangements of paving blocks the numerical
simulation tool is able to deliver plausible shifting mechanisms. The mechanisms them-
selves are strongly characterised by the 45◦ orientation of the laying patterns. Looking
at the conventional Concrete Block, only for the stacked bond a significant performance
improvement can be identified compared to its not rotated counterpart, while for the
other two laying patterns similar maximum deformations are obtained. For the stretcher
bond an even worse performance can be observed, which is caused by a very concen-
trated, and thus bad, force distribution into the superstructure. This is illustrated in
Figure 3.16, showing the rather narrow bands of nodal normal contact forces in this
laying pattern.

Considering the Concrete Interlocking Blocks, the performance is better for all three
laying patterns. This has essentially two reasons: First, due to the 45◦ rotation more
joints are heavily loaded by shear forces and, thus, the interlocking capability of the
joints get highly activated and, secondly, also paving blocks behind the load introduction
are getting involved into the load transfer mechanism.

3.4.3 Overview of simulation results

Figure 3.17 finally shows the maximum horizontal deformation in loading direction umax
for all configurations of the 6 laying patterns with the 5 investigated paving blocks. In
general it can be said that both the type of laying pattern as well as the type of
paving block have a significant influence on the horizontal shifting resistance. However,
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[mm]
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0.67

0.30

0.07

(a) CB in stacked bond, umax = 5.68 mm (b) CIB in stacked bond, umax = 1.15 mm

(c) CB in stretcher bond, umax = 1.77 mm (d) CIB in stretcher bond, umax = 0.98 mm

(e) CB in Herringbone, umax = 1.94 mm (f) CIB in Herringbone, umax = 0.64 [mm]

Figure 3.14: Horizontal deformation fields for three different laying patterns
and two different paving blocks. A vertical and horizontal load of 57.5
kN each is introduced on one paving block. Scaling of deformations:
100.
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[mm]
1.4+

1.03

0.67

0.30

0.07

(a) CB in stacked bond 45◦, umax = 2.60 mm (b) CIB in stacked bond 45◦, umax = 0.73 mm

(c) CB in stretcher bond 45◦, umax = 2.08 mm (d) CIB in stretcher bond 45◦, umax = 0.55 mm

(e) CB in herringbone 45◦, umax = 1.83 [mm] (f) CIB in herringbone 45◦, umax = 0.47 mm

Figure 3.15: Horizontal deformation fields for three different laying patterns
and two different paving blocks. A vertical and horizontal load of 57.5
kN each is introduced on one paving block. Scaling of deformations:
100.



Publication C 58

[N]
3000

2375

1750

1125

500

Figure 3.16: Rather bad distribution of nodal normal contact
forces in a stretcher bond 45◦ with Concrete Blocks, leading
to high horizontal deformations.

disregarding the stacked bond, the paving block type seems to play a more important
role and cannot be compensated by the type of laying pattern easily. On average paving
blocks with joints providing a decent interlocking effect perform three times as good as
paving blocks in the same laying pattern without interlocking capabilities. This may
lead to huge performance differences also in practical applications and shouldn’t be
ignored by design concepts and standards.

Of course, there are still a lot of other parameters influencing this horizontal de-
formation resistance, such as the paving block height, the joint filling (which can partly
be described by the paving block height), the contact stiffness (which could be reduced
in case of poorly compaction), and so on. The presented numerical simulation tool is
capable of taking all this parameters into account. Two relationships are exemplarily
given in Figure 3.18, showing the significant influence of the paving block height as well
as the normal contact stiffness in the vertical joints. A doubling of this stiffness can
reduce the maximum horizontal deformation by almost half.
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Figure 3.17: Maximum horizontal deformation in loading direction umax
for the investigated 6 different laying patterns and 5 different paving
blocks.
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Figure 3.18: Influence of the paving block height and contact stiffness in
normal direction on the maximum horizontal deformation.
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3.5 Conclusions

In this paper, a numerical simulation tool has been proposed allowing for a realistic re-
production of resistance mechanisms of paving block superstructures under horizontal
loading. To accomplish that, numerical models with more than 2000 non-linear interac-
tions, with their behaviour defined through a user subroutine written in Fortran, had to
be run. The required strength properties to define the non-linear joint behaviour of all 5
investigated paving block types were obtained by special tangential shear experiments.
Based on these investigations, answers to the three questions raised in the introduction
can now be formulated:

• The fully automation of the model creation, enabled by a complex Python script,
allowed us to run a huge amount of simulations to finally identify an appropriate
model size for which the influence of boundary conditions is not significant for
the majority of the investigated configurations. Furthermore, much attention was
paid to any kind of numerical regularisation mechanism, like artificial stiffnesses
and viscous damping. Many parameters studies were conducted to ensure that
such influences are negligible.

• The non-linear behaviour of the vertical joints, in normal as well as tangential dir-
ection, could be reproduced quite accurate. Therefore, information from two kind
of joint experiments were used and implemented into the numerical simulation
tool.

• Mainly for this reason, very plausible 3D deformation mechanisms could be ob-
tained for several laying patterns with different types of paving blocks. Interesting
insights into load transfer mechanisms could be gained, showing a huge variety
depending on the combination of laying pattern and type of paving block. Finally,
this allowed for a comprehensive performance evaluation of several paving block
pavements with respect to their horizontal shifting resistance.

In short, the simulation results have confirmed the high performance expectations of
paving blocks with interlocking effects. On average these paving blocks perform three
times as good as blocks without interlocking capabilities, considering the same laying
pattern. Even for the stacked bond laying pattern, where no structural load distribution
occurs, paving blocks with interlocking effect can lead to reasonable horizontal deforma-
tion resistances. Furthermore, as the horizontal deformation in those superstructures is
highly affected by the stiffness of their sand-filled joints, it should be ensured that these
joints are completely filled, well compacted, and their width and quantity minimized.

In summary, this work has the intention to demonstrate the very different horizontal
resistance of paving block pavements, to propose a method to identify this resistance,
and to possibly contribute to future design concepts which will hopefully cover this type
of damage scenario.
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Paving block structures with mortar filled vertical joints can exhibit a significantly
higher load capacity as comparable structures with sand filled joints. For this reason,
this pavement construction method is increasingly being used or would be used, re-
spectively, if its performance could be estimated reliably. Specifically, the exact cause
of cracks due to cooling in winter has not been fully understood yet and appropriate
prediction tools do not exist. This motivated the development of a numerical simu-
lation tool for such paving block structures under temperature loading, which is able
to take the brittle failure mechanisms in-between paving blocks and paving blocks and
the underlying mortar bed into account. By means of the proposed simulation tool in
this paper, basic structural failure mechanisms of such paving block structures, due to
different temperature events, could be identified and relationships between crack widths
and different bonding strengths as well as installation temperatures were obtained. Fi-
nally, estimates for necessary bonding strengths between paving blocks and mortar bed
to prevent large (visible) cracks due to temperature loads are given.
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4.1 Introduction

Figure 4.1: Crack in a paving block structure
resulting from thermally induced stress.

In recent decades, paving block structures have become a frequently used road con-
struction method, especially in urban areas. Unfortunately, when it comes to rigidly
laid paving block structures (structures with mortar filled vertical joints), cracks, usually
induced by thermal stresses, are a common damage pattern (as exemplarily shown in
Figure 4.1). Apart from the mechanical issues caused by such cracks, they also impair
the visual appearance of these, not damaged very attractive, pavements. This greatly
reduces the confidence in and acceptance of this type of construction and prevents a
more frequent use.

A major reason for this performance problem can be attributed to the lack of
appropriate design codes for the construction of rigidly laid paving block structures.
In the German speaking region, they have been considered as a special construc-
tion method until now. Nevertheless, in 2007 a guideline ’Forschungsgesellschaft für
Straßen- und Verkehrswesen (2007)’ with recommendations was published and in 2009
the ’Wissenschaftlich-Technische Arbeitsgemeinschaft für Bauwerkserhaltung und Den-
kmalpflege (2009)’ disclosed a leaflet. These documents contain execution suggestions
as well as material definitions for paving block structures. To avoid temperature in-
duced damage, both guidelines recommend the use of expansion joints, whereby the
second also mentions a positive influence of a strong adhesive bonding between the
paving blocks and the mortar bed. Most of these recommendations are based on em-
pirical observations and simple design rules, but deeper mechanical explanations are
missing. This was the main motivation for the present work, which aims at describing
the response of paving block structures due to temperature loading as realistically as
possible. Before discussing the objectives of the present work in detail (4.1.2), a few
fundamental considerations are made in the following.
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4.1.1 Fundamental considerations

When a common building material is subject to a temperature load its volume changes.
As the temperature increases the body expands (positive strain) and when it decreases
the body contracts (negative strain). As long as the deformations of the body are not
blocked the body remains free of stress. In case that the temperature is not evenly
distributed over the whole body, even if the deformations are not blocked, temperature-
induced stresses may occur. When two adjacent elements of a monolithic body are ex-
periencing different thermal loads, their desired deformation is, in general, geometrically
not compatible. Therefore, as long as this compatibility is maintained, temperature-
induced stresses arise. This is demonstrated by means of a simple numerical model
(shown in Figure 4.2), where two connected layers of a plate (frictionless supported
on the bottom) are loaded by different temperatures. While the lower layer is main-
tained by the initial temperature of 0 ◦C, the upper layer is cooled down to -20 ◦C. The
resulting normal stresses in longitudinal direction are given in Figure 4.2 (b), showing
compression in the lower layer and tension in the upper layer. In a very simplified way,

-20 ◦C

0 ◦C

(a)

+4,7 MPa

-4,7 MPa

(b)

Figure 4.2: Effect of non-constant temperature distribution in
a two-layered plate which is freely deformable. (a) Forced
temperature field, and (b) resulting normal stresses in lon-
gitudinal direction.

a paving block structure can be seen as such a two-layered plate. Then it is obvious
that temperature drops, e.g. due to rainfalls or cooling in general, may lead to fail-
ure inducing stresses between paving blocks or between paving blocks and the mortar
bed, respectively. In this respect, the initial temperature as well as the magnitude of
the temperature drop is significant. Stresses evolve proportional to the difference
between the initial temperature and the actual temperature, and cracks occur when the
tensile stress exceeds the resisting tensile strength, concluding a low initial temperat-
ure is beneficial to prevent cracks. On the other hand, a low initial temperature, e.g.
constructing during wintertime, may result in high compressive stresses in summer. A
clear statement about the optimal initial temperature can not be made based on such
simple considerations. A low initial temperature may prevent the occurrence of cracks,
while a high initial temperature leads to less expansion and compressive stresses during
summertimes. Furthermore, no statement about shear failure between paving blocks
and the mortar bed is possible.

Moreover, if a homogeneous plate under constant temperature load can deform
freely, the strain within the plate will be constant as well. Therefore, the stress will
be constant when only the in-plane deformations are prevented and no bending occurs.
Subsequently, we can easily show that the dimensions of such a structure don’t affect
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the thermally induced stresses. This statement can be confirmed by applying the simple
force method

∑n
v=1 δuv ·Xv = −δu0 on a simply-supported beam, whereby δuv repres-

ents the compliance, δu0 the displacement and Xv the unknown reaction force. The
corresponding delta values δ11 = N2

1 · ls/EA and δ10 = N1 · ∆T · αT · ls, with ls for
the beam length, EA for the tensile stiffness, ∆T for the temperature difference and
N1 for the normal force, show that the resulting reaction force in the axis of the beam,
X1 = −δ10/δ11, is independent on the length of the beam.

A paving block structure is obviously an inhomogeneous structure with specific
interactions and more complex boundary conditions. Nevertheless, this simple consid-
erations lead to the assumption that the dimensions of a paving block structure are of
no great influence on the stress leading to crack occurance (which is sometimes claimed
by engineers), but, in case of predominant cracks, on their width.

Such and other thoughts are to be investigated by means of numerical models in the
present paper. Starting with a brief literature overview, the basic motivation and the
research questions pursued are given in the following.

4.1.2 Motivation and research questions

Usually, when it comes to thermally induced stresses in paving block structures, the lit-
erature refers to articles dealing with thermal stress in concrete slabs or concrete pave-
ments. Many authors concerned themselves with this topic, wherein only few of them,
like Plannerer (1998), Rostasy and Kraus (2001), Röhling (2005), and Schikora and
Eierle (1999), investigated thermal effects due to hydration in the early stage of various
concrete constructions. Bondy (1995) and Schweighofer (2011) engaged themselves with
thermal stress in concrete slabs and Maliha (2005) investigated the appearance of cracks
in concrete pavements. Other contributions , focusing on the interaction between con-
crete slabs and base layers, can be found in Kolb (1988), Schütte (1997), and Petersson
(1998). But since this construction method has gained significant market shares only
recently, not much scientific research work is available yet. To the knowledge of the
authors, only one work regarding numerical simulations of rigidly laid paving block
structures, namely the dissertation of Buchholz (2010) dealing with thermally induced
stresses, has been published. On the other hand, there have been several investigations
regarding numerical tools for the performance evaluation of paving block structures
with sand filled vertical joints, which can be found in Nishizawa et al. (1984), Jacobs
and Houben (1988), Huurman et al. (1992), Lerch (2005), Ascher et al. (2006), Oeser
and Chandra (2010), Füssl et al. (2016b), and Hengl and Füssl (2016), to mention only
a few of them.

For this reason, the motivation of this work has been to develop a numerical simu-
lation tool which is able to predict the effects of thermally induced stresses in paving
block structures with mortar filled joints and their influence on the occurrence of cracks.
By focusing on the interactions between paving blocks, as well as between paving blocks
and the mortar bed, this simulation tool should allow us to gain new knowledge about
the mechanical mechanisms in the structure and to perform mechanically-sound sim-
ulations which may help us to answer the following, in connection with this building
method often discussed, questions:

• What’s the impact of the bonding strength between paving blocks and the mortar
bed on the mechanical performance of the paving block structure, and can a cer-
tain bonding strength be defined and practically achieved at which the structural
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performance under temperature loading is satisfactory?

• What’s the influence of the ambient temperature at construction (installation)
of a paving block structure on the occurrence of cracks and, if there is a critical
temperature boosting cracking, can shading measures during the construction
reduce this effect?

• Based on a better understanding of the mechanical behaviour of paving block
structures under temperature loading, how can the benefit of expansion joints be
evaluated and how should they be arranged?

In the following section, Section 2, identification experiments giving insight into
mechanical properties of the superstructure (paving blocks, joints, mortar bed) are de-
scribed. In Section 3, the developed numerical simulation tool is proposed. The
identification of different response mechanisms, based on the numerical results, rep-
resents the main content of Section 4. The findings of various parameter studies are
presented within several subsection, like the positive effects of shading measures. A
brief summary, concluding remarks and a future outlook are given in Section 5.

4.2 Identification experiments for the shear strength between
paving blocks and mortar bed

4.2.1 Samples and test setup

To determine the maximum shear strength between paving blocks and mortar bed a
new identification experiment has been developed. The main goal of this experiment was
to compare different surfaces of paving blocks (split granite and formwork concrete) and
the influence of transverse joints and primer. For the experiments five different samples
were produced (Figure 4.3 (a-e)). These were made of three paving blocks (20/10/8 cm)
paved on a 5 cm thick porous mortar bed (grain size 8 mm) with a joint width of 10
mm and finally filled with joint mortar (grain size 2 mm).

Figure 4.3: Samples for experiments (a-e) top view of different
blocks and joints and (f) side view of blocks on mortar bed
with filled joints.
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Figure 4.4: Test setup for shear experiments.

paving block
[cm]

joint
width
[mm]

contact
area
[mm2]

dead
load
[kN]

contact
pressure
[MPa]

shear
force
[kN]

shear
stress
[MPa]

appearance
of fracture

priming
slurry

transverse
joint

split granite
20/10/8 10 64000 0.14 0.002 32.8 0.51 roughly no no

split granite
20/10/8 10 64000 0.14 0.002 44.9 0.70 roughly no yes

concrete block
20/10/8 10 64000 0.14 0.002 16.5 0.26 smooth no yes

concrete block
20/10/8 10 64000 0.14 0.002 17.9 0.28 smooth no no

concrete block
20/10/8 10 64000 0.14 0.002 66.8 1.04 mortarbed

crushed yes no

Table 4.1: Accomplished shear experiments at at TVFA Vienna.

The developed experimental setup is illustrated in Figure 4.4. All samples were fixed
in position only through the mortar bed. Then, a shear force S with a rate of 200 N/s
was applied to the paving blocks on one side of the sample, parallel to the continuous
joints. The experiment was stopped when the maximum force S was reached and a clear
failure mechanism was formed, respectively.

4.2.2 Test results

For the evaluation of the maximum shear stress between the paving blocks and the mor-
tar bed, the maximum shear force S was divided by the contact surface A of 64 000 mm2

for each test sample. The results for the different variations are given in Table 5.1.
The results clearly show the better performance of the split granite paving block

compared to the formwork concrete paving block. The rough surface of the granite
blocks can withstand nearly twice the shear force as the smooth surface of the concrete
blocks. Also a difference between the arrangements with and without transversal joints
was obtained for the granite block samples. No influence of the transversal joints was
observed for the concrete block samples, which showed nearly the same shear strength
for both tested samples. The positive influence of a primer could be demonstrated
for concrete blocks. The achieved shear stress was four times higher than for concrete
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blocks without primer, and two times higher than for granite blocks without transversal
joints. In Figure 4.5 the different breaking patterns are displayed. The failure surfaces
for the samples (a) and (b) are rough, while for the samples (c) and (d) rather smooth
failure surfaces developed. Due to a very good bond between the paving blocks (e) and
the mortar bed, partial failure of the mortar bed was obtained. Because only one

Figure 4.5: Breaking pattern for five different configurations.

sample was tested for each configuration, the obtained results allow only for a first es-
timate of the bonding strength. Nevertheless, the positive influence of split surfaces and
the use of primer are obvious. Further investigations with different mortars and paving
blocks are recommended to define appropriate values for load capacity analyses. How-
ever, the obtained results provide us with approximate shear strength values between
different paving blocks and mortar bed, which will be sufficient for the interpretation
of the subsequent numerical results. For this reason, these first experimental results
have already been included within this paper.

4.3 Numerical model

The numerically modelled region of the considered paving block structure is shown in
red in Figure 4.6, with a width B of 40 cm and half the road widths L/2 of 2, 4, and
8 m. Symmetry boundary conditions have been applied to all three vertical sectional
areas. The exact geometry, the finite element mesh as well as loading, boundary and
interaction conditions are given in Figure 4.7. The whole numerical model consists of a
paving block superstructure with 5 rows of 20 paving blocks (20/10/10 cm) each, laid in
a cross laying pattern. A mean elastic modulus of the paving blocks of 35 000 MPa was
obtained by ultrasonic measurements according to Füssl et al. (2015b). The poisson
ratio was set to 0.15, the thermal expansion coefficient to 1 e−5 1/K, and the density to
2.4 e−9 t/mm3. A table summarising all assigned material parameters to the numerical
model and giving the associated sources can be found in Appendix A.

The interaction between paving blocks (for the 175 vertical joints) are realised by
surface-based cohesive behaviour and a generalised traction separation law. As illus-
trated in Figure 4.8, a linear elastic traction separation relationship is assumed prior to
damage and a linear post damage softening response. The area under the red curve in
Figure 4.8 (b) corresponds to the fracture energy, which was set to 0.34 mJ according
to Trunk and Wittmann (2001). Damage occurs when the maximum of the following
ratios, max{(〈tn〉/ton), (ts/t

o
s), (tt/t

o
t )}, reaches a value of 1, as defined in Corp. (2016).

Thereby, tn, ts, and tt denote the traction forces in normal and two tangential directions
of the respective contact surface, whereas the symbol 〈〉 is used to take into account
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driving direction

B = 40 cm

L/2 = 2/4/8 m

Figure 4.6: Considered paving block superstructure and numer-
ically modelled region displayed in red.

that a purely compressive stress state will not initiate damage. The related strength
values are designated as ton, tos, and tot , respectively. At each contact point an overall
damage variable D is introduced, capturing the combined effect of all active damage
mechanisms by the introduction of an effective separation variable δm =

√
δ2
n + δ2

s + δ2
t ,

as illustrated in Figure 4.8(a), according to Camanho and Davila (2002). δn, δs, and δt
denote the separations between two contact surfaces (which belong together) in normal
and the two tangential directions, respectively. The damage variable D is then com-
puted as D = δfm∗(δmaxm −δ0m)

δmaxm ∗(δfm−δ0m)
, where δfm = 2G/t0m represents the effective separation at

complete failure of the interface, with t0m as the effective traction at damage initiation
and G as the fracture energy. δ0

m denotes the effective separation at damage initiation
and δmaxm represents the maximum value of effective separation obtained during the
analysis history. This overall damage variable is a scalar which monotonically evolves
from 0 to 1 as damage increases and affects the contact stress components as follows:
tn = (1 −D)tn, ts = (1 −D)ts, tt = (1 −D)tt, where tn, ts, and tt refer to the contact
stress components predicted by the elastic traction-separation behaviour for the current
separations without damage.

Unfortunately, such cohesive interaction models (describing strong softening beha-
viour) often lead to severe convergence difficulties. To stabilise the numerical solution
viscous regularisation of the constitutive equations (an artificial damping procedure)
has been applied. Thereby, the traction-separation laws are regularised by the usage of
a viscous stiffness degradation variable Dv, as defined in d(Dv)

dt = 1
µ ∗ (D −Dv), where

µ is a viscous coefficient, D denotes the overall damage variable and dt represents the
current time step. Dv is substituting the overall damage variable in the damaged re-
sponse of the stabilised cohesive surface interaction given as t = (1−Dv)t. Thereby, the
stabilised cohesive interaction permits stresses to be outside the limits of the traction-
separation law. Further, Dv is used to update the material tangent stiffness matrix of
the softening contact interaction. By using a value of 0.002 for the viscous coefficient µ
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the convergence of the simulation has been improved without compromising the results.
To exclude a significant influence of this procedure on the numerical solution, the vis-
cous energy dissipation has been compared to the corresponding strain energy to verify
that almost no artificial stiffness has been added to the system.

A bedding stiffness of 1 400 MPa/mm in normal and 609 MPa/mm in tangential
direction was assigned to the vertical joint interactions, to consider the thickness and
mechanical behaviour of the mortar within the joints.

cohesive behavior
between blocks

symmetry boundary condition
for whole crosssections

cohesive behavior b/w
blocks and mortarbed

boundary condition
ux : 0 for whole
crosssection

dimensions
paving block: 20/10/10 cm
mortarbed thickness: 4 cm
previous concrete thickness: 20 cm

load case "summer"
initial Temp. 5◦C
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Figure 4.7: Geometry, interactions and boundary conditions of
the numerical model, as well as the two main temperature
load cases applied.
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Figure 4.8: Surface-based cohesive behavior.

Below the superstructure a layer of mortar spans over the whole area with a thickness
of 40 mm. Again, the material properties were obtained from experiments performed
by TVFA Vienna, giving an elastic modulus of 14 000 MPa, a density of 1.9 e−9 t/mm3,
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a poisson ratio of 0.15 and a thermal expansion coefficient of 1 e−5. The interaction
between paving blocks and the mortar bed were again realised with a cohesive surface
to surface contact.

The pervious concrete layer underneath the mortar bed has the same areal dimen-
sions but a thickness of 200 mm. The material behaviour is defined by an elastic
modulus of 14 000 MPa, a density of 1.9 e−9 t/mm3, a poisson ratio of 0.15, and a
thermal expansion coefficient of 1 e−5. The interaction law between this layer and the
layer of mortar is defined in the same way as the interaction between the layer of mortar
and the paving blocks. The whole model, as visualised in Figure 4.7, is supported in
vertical direction by a rigid sub-base layer. This sub-base layer interacts with the pervi-
ous concrete layer in tangential direction by a penalty frictional model with a frictional
coefficient of 0.6.

The simulations were divided into two steps, first, the dead load of the paving block
structure and, second, a static temperature gradient, defined by analytic fields, were
applied. To define the temperature gradient the minimum temperature for the region
of Vienna according to Wistuba (2003) was used. Although these temperature profiles
are intended for asphalt pavements, due to the fact that the specific heat capacities
of asphalt and concrete lie close together (at around 0.92 and 0.88 m2/s), they could
be also used for the investigated paving block structures. Differences in the thermal
conductivity could be neglected too, considering the long periods of night and day
temperatures of several hours. In layers below the mortar bed, the used temperature
gradient could differ in a greater extent, due to the lower density of the material. To
find out about these deviations, temperature measurements are ongoing on full-scale
paving block structures at TU Vienna.

All FE simulations were run with the commercial Finite Element Software Abaqus,
taking into account geometric non-linearity. More than 200 simulations were carried
out on a HPC-cluster system at TU Vienna with an average total cpu time of 7.7 h
for a 8 m model with 315 822 DOFs. In the course of the simulations, the maximum
cohesive strength between paving blocks and the mortar bed, the maximum cohesive
strength in-between paving blocks, the applied temperature, the model widths and the
laying pattern have been varied.

4.4 Numerical results

4.4.1 Identification of response mechanisms under cooling

The cohesive strength between paving blocks and the underlying mortar bed is certainly
one of the most important factors in determining the performance of such a structure un-
der temperature loading (cooling). It can be assumed that the experimentally-obtained
strength values in Section 2 are not always reached in practice, especially not con-
tinuously over large areas. Laying paving blocks on already hardened mortar bed, for
example, might result in a greatly reduced bonding strength.

This motivated the following simulation program, where the performance of a paving
block structure with 15 different cohesive strength values varied from 0.00001 MPa
up to 10 MPa has been investigated. The whole possible range of bonding, between
paving blocks and mortar bed, in practice should therefore be covered and all possible
response mechanisms should be obtained. The in Figure 4.7 defined load case "winter"
has been applied to all 15 configurations and as performance parameter the maximum
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occurring crack width wmaxcr , defined as the maximum separation between two adjacent
paving blocks, was chosen. The obtained maximum crack widths as a function of the
cohesive shear strength between paving blocks and mortar bed, τcrit, are plotted in
Figure 4.9. It can be seen clearly that there is no smooth decrease in crack width
with increasing cohesive strength. For very low as well as very high cohesive strength
values the maximum crack width is almost constant, whereas a much larger crack width
is obtained for a low bonding strength between paving blocks and mortar bed. The
transition from one crack width plateau to the other takes place very quickly, which
makes it possible to define a so-called transition zone, denoted as Region 3© in Figure 4.9.
The cohesive strength areas divided by this zone are designated as Region 1© and Region
2©, respectively. By comparing this relationship with the corresponding deformation
fields of the paving block structures, also three different basic failure mechanisms, which
can be related to the three different regions defined in Figure 4.9, can be distinguished:

Region 1©: In case of a very low cohesive strength between paving blocks and mortar
bed only a single distinct crack occurs and, consequently, a large maximum crack width
is established . Such a mechanism is shown in Figure 4.10 (a), for a cohesive strength of
0.00001 MPa, leading to a single crack of 0.29 mm. All the vertical joints between other
paving blocks remain closed or have at most a small opening which can be attributed to
numerical regularisation. Due to a perfectly homogeneous cohesive strength distribution
between the paving blocks and the mortar bed, the single crack occurs close to the
boundary of the model, triggered by the slightly higher local structural stiffness induced
by the boundary conditions. This result is in good agreement with observations in the
field, where indeed very often large cracks develop in the boundary regions of roads.
However, this single crack could occur at any point in the structure where the structural
stiffness is locally increased. This could be caused by stiffness differences in the mortar
bed, a locally better toothing of joint mortar and mortar bed, or various structural
installations preventing a thermal contraction of the superstructure.

Region 3©: The opposite case is represented by a structure with a very high bonding
strength between paving blocks and mortar bed, which is exemplarily illustrated in
Figure 4.10 (c) (cohesive strength of 1 MPa). For these cases, a diffuse network of
cracks has been developed , with a maximum crack width of 0.027 mm, being only
one-tenth of the crack width obtained for models of Region 1©. The paving blocks are
more or less rigidly embedded into the mortar bed and, thus, transmit shear forces
directly into the underlying layer. Each paving block deforms independently of the
others and, thus, the resulting crack width seems to be only a function of the single
paving block characteristics and the applied temperature loading. Paving blocks with
larger dimensions would in this case lead to wider cracks, which would not be the case
in Region 1©.

Region 2©: Finally, the transition zone between Region 1© and Region 3© is des-
ignated as Region 2©, consisting of paving block structures which show both, distinct
cracks and additionally fine cracks between other paving blocks. An example is shown
in Figure 4.10 (b), having a cohesive strength of 0.005 MPa. This failure pattern rep-
resents a logical intermediate state between the two others, and it is important to show
that the numerical simulation tool is able to capture such ’mixed’ failure mechanisms
accurately. A reliable identification of the (practically relevant) transition zone, Region
3©, should therefore be possible for different types of paving block structures.

The found relationship in Figure 4.9 and the qualitative division into three regions
based on failure mechanisms could be an important insight for the further development
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of such paving block structures. It could be aimed at a bonding strength which ensures
that no single distinct cracks occur.

Nevertheless, more loading cases and model configurations need to be investigated
to reliably identify cohesive strength values at which the critical Region 2© starts. This
has been done in the following.
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Figure 4.9: Maximum occurring crack widths wmaxcr as a function
of the cohesive shear strength τcrit between paving blocks
and mortar bed, and the three identified regions showing
different structural failure mechanisms.

4.4.2 Parameter studies

To figure out in which way the most important structural parameters influence the
response of the model structure, e.g. the location of the three identified regions above,
the following characteristics have been varied: (a) The road width, (b) the construction
temperature, which was set to 5 ◦C for all previous simulations, and (c) the bonding
strength of the mortar in the vertical joints.

(a) Road width

As mentioned within the fundamental considerations in Section 2, the dimensions of a
homogeneous body do not influence its thermally induced stresses under specific assump-
tions. Nonetheless, for the paving block structure considered, showing in-homogeneous
failure mechanisms, the width L of the road strongly influences the maximum crack
width wmaxcr , as shown in Figure 4.11. The two additionally investigated road widths of
L/2 = 2 and L/2 = 8, result in lower and higher, respectively, maximum crack widths.
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(a) τcrit = 0.00001 MPa (Region 1©)

(b) τcrit = 0.005 MPa (Region 2©)

(c) τcrit = 1 MPa (Region 3©)

Figure 4.10: Illustrative failure mechanisms for the three identi-
fied regions: (a) single distinct crack, (b) mixed mode, and
(c) fine crack network.
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Understandably, this is only the case for Region 1©, where single distinct cracks oc-
cur. In this region large parts of the structure behave as monolithic block and, thus,
the length of the structure strongly influences the crack width. Interestingly, it seems
that the maximum crack width increases overlinear with respect to the road width. In
Region 2© the road width doesn’t affect the maximum crack width, which is in good
agreement with the above-made observation that in this case the crack widths are only
a function of the single paving block characteristics. Despite the large differences in
Region 1©, the location of the transition zone (Region 3©) is hardly affected. This gives
reason to believe that a certain bonding strength, ensuring a paving block structure to
behave according to Region 2©, may possible be defined.
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Figure 4.11: Maximum occurring crack widths wmaxcr as a func-
tion of the cohesive shear strength τcrit between paving
blocks and mortar bed, for three different road widths L.

(b) Construction temperature

Since in reality the construction temperature can be higher than the assumed 5 ◦C in
previous simulations, the relationship presented in Figure 4.9 has also been determined
for 15, 30, 45, and 60 ◦C installation temperature (see Figure 4.12). The final tem-
perature, however, was kept constant as defined by the "winter" loading case given in
Figure 4.7. As expected, the maximum crack width increases with increasing installa-
tion temperature. But, also the critical cohesive strength value, defining the begin of the
transition zone, increases one order of magnitude from about 0.01 MPa (for 5 ◦C) to
about 0.1 MPa (for 60 ◦C). Comparing the latter value to the experimentally-obtained
strength value of 0.28 MPa for conventional concrete paving blocks (also given in Fig-
ure 4.12), we can note that the boundary of the transition zone comes very close to
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the measured values. Assuming that the bonding strength under laboratory conditions
represents an upper bound to the strengths reached in the field, it is not unlikely that in
practice paving block structures fall into the transition zone, Region 3©. According to
these simulation results, there is a risk that a combination of poor execution standards
and high installation temperatures lead to large distinct cracks due to cooling events in
winter. This could explain practical observations of elusive damage of certain paving
block constructions.
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Figure 4.12: Maximum occurring crack widths wmaxcr as a func-
tion of the cohesive shear strength τcrit between paving
blocks and mortar bed, for 5 different construction (install-
ation) temperatures.

(c) Bonding strength of vertical joints

Finally, the effect of the cohesive tensile strength between paving blocks (mainly de-
termined by the mortar of the vertical joints) on the previous findings was of interest.
Thus, the relationship proposed in Figure 4.9 has been extended to this strength, de-
noted σn,crit, in the third dimension (see Figure 4.13). The influence of σn,crit on the
identified three regions is negligible. Interestingly, the crack width of a single distinct
crack according to Region 1© increases with increasing bonding strength σn,crit up to 2
MPa. A significant increase of the maximum crack width from about 0.25 mm to 0.35
mm was obtained, which can be traced back to an even higher stress and, subsequently,
structural deformation concentration at the location of the critical crack. Accordingly,
with respect to cracking, a higher cohesive tensile strength in vertical joints between
paving blocks is not necessarily an advantage. Although, an additional data series with
a cohesive strength between paving blocks of 4 MPa, which has been excluded from the
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graph for illustrative reasons, showed no cracking anymore. However, this strength will
not be achievable with conventional construction methods.
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Figure 4.13: Influence of the cohesive shear strength between
paving blocks and mortar bed τcrit and the cohesive tensile
strength of the vertical joints between paving blocks σn,crit
on the maximum occurring crack widths wmaxcr .

4.4.3 Influence of non-constant construction temperature

In all former simulation the construction temperature (initial temperature) was constant
throughout the paving block structure, because no reliable information about temperat-
ure gradients during the construction process were available. However, they were not
necessary to obtain the desired statements. Nevertheless, hydration of the mortar bed
as well as solar radiation during the installation phase might lead to in-homogeneous
initial temperature distributions, which subsequently influence the occurrence of cracks
in a positive or negative way. A fictional but realistic in-homogeneous temperature pro-
file is given in Figure 4.14 (a), where the surface is heated by solar radiation from 5 to
15 ◦C and the temperature of the mortar bed is slightly increased (10 ◦C) due to hydra-
tion. On the other hand, Figure 4.14 (c) shows a temperature profile only characterised
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by the heated mortar bed, in case that the solar radiation is avoided by using shading
measures on the construction site. Again, both models were loaded with a temperature
field finally leading to the temperature distribution defined in Figure 4.7 for the load
case "winter". The corresponding deformation fields can be found in Figures 4.14 (b)
and (d), respectively. In case of no shading measures (surface temperature of 15 ◦C),
a maximum crack width of 0.52 mm was obtained, while in the second case, where the
surface temperature was assumed to be 10 ◦C lower, the crack width reduces to 0.39
mm. Thus, a 33 % higher crack width wmaxcr is established only due to a higher surface
temperature. Based on this numerical result, it can be assumed that shading or cool-
ing measures during construction are useful to reduce the risk of large cracks during
wintertime. This has been an ongoing controversial topic in engineering practice.
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Figure 4.14: Influence of shading measures during construction
at high temperatures on the occurring crack widths after
cooling in wintertimes.

4.4.4 Expansion behaviour due to temperature increase during sum-
mer

According to Figure 4.12, a low construction temperature is preferable to avoid cracks
during wintertime. Unfortunately, such low construction temperatures lead to a larger
expansion of the superstructure in summertime, which may result in critical compressive
stresses or lift off of the paving block superstructure. Such a lift off of paving blocks
from the mortar bed can be observed regularly during summertime. To investigate this
effect, simulations have been performed with a constant construction temperature of
5 ◦C and a summer temperature distribution according to Wistuba (2003), as defined
in Figure 4.7. The cohesive tensile strength, σcritn , has been varied from 0.00001 MPa to
1 MPa and the corresponding maximum lift off wmaxlo has been evaluated. The obtained
relationship is shown in Figure 4.15 and two related deformation fields, showing the
lift off of the paving block superstructure, are illustrated in Figure 4.16. Similarly to
the parameter studies presented before, a highly non-linear relationship between the
bonding strength and the considered performance parameter, in this case the amount
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of lift off wmaxlo , has been obtained. The transition zone, however, between ’good’ and
’bad’ performance is slightly larger. Allowing a rotation of the curbstone, a lift off, as
can be seen in Figure 4.16, was obtained for low values of the cohesive tensile strengths
between paving blocks and the mortar bed. But, according to Figure 4.15, a cohesive
tensile strength of about 0.1 MPa seems to be sufficient to avoid this phenomenon.
Interestingly, the limit value of cohesive tensile strength (around 0.1 MPa), ensuring no
lift off of the paving block structure, is of the same order of magnitude as the necessary
cohesive shear strength to avoid distinct cracking.
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paving block superstructure under load
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Figure 4.16: Illustration of lift off of the paving block superstruc-
ture due to load case "summer", for two different cohesive
tensile strengths between paving blocks and mortar bed.
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4.5 Conclusions and outlook

x
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z

Figure 4.17: Outlook: Structural failure mechanism of a paving
block structure, laid in a running bond pattern.

In this paper, a numerical simulation tool has been proposed allowing for a realistic
reproduction of failure mechanisms of paving block structures with mortar filled vertical
joints under temperature loading. Temperature loads, representing cooling periods in
winter as well as heated paving block structures in summer, have been applied using ana-
lytical fields. Cohesive interaction behaviour between paving blocks and between paving
blocks and the mortar bed gave access to crack widths, which were assumed to be an
important performance evaluation characteristic. The structural behaviour of numer-
ical models with up to 556 cohesive interactions could be investigated stable. Therefore,
it was necessary to employ viscous damage damping, but special attention was payed
that viscous forces are ramped down sufficiently and comprehensive parameter studies
were conducted to ensure the smallest possible effect of these regularisation measures.

Several hundred simulations with different bonding strength between paving blocks
and paving blocks and mortar bed, temperature loading situations, and road widths
have been performed to obtain a comprehensive picture of the mechanical behaviour
of such pavement superstructures. Based on this extensive simulation program, two
different failure mechanisms due to cooling in winter time could be distinguished and
a rather small transition zone between them was identified. If there is a low bonding
strength between paving blocks and mortar bed it is very likely that distinct single
cracks will occur, while a rather fine crack network can be assumed in case of a high
bonding strength. Since this fine cracks, distributed over the whole superstructure, are
probably not be seen with the naked eye or even do not occur due to the not considered
relaxation of mortar in the vertical joints, respectively, this case should be aimed at in
practice. Thus, it is of outmost interest to identify the transition zone between those
two failure mechanisms, which has been done in this work for several configurations.

Based on these investigations, answers to the three questions raised in the introduc-
tion can now be formulated:

• The bonding strength between paving blocks and mortar bed indeed seems to
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have a very large impact on the performance of a paving block superstructure
under temperature loading. A characteristic shear strength larger than 0.1 MPa
avoids the occurrence of distinct large cracks according to the performed numer-
ical investigation, even under the worst case scenario of very high installation
temperatures (up to 60 ◦C). Shear strength values between 0.26 and 0.28 MPa
were obtained experimentally for concrete paving blocks, and would therefore be
sufficient. However, these values were obtained under laboratory conditions and,
therefore, provide rather upper limits for the bonding strengths in the field. Thus,
it is quite probable that a combination of poor execution and high construction
temperatures cause paving structures to behave as it was numerically obtained for
the transition zone, Region 3.© This could be an explanation for elusive damage
to paving block structures, frequently observed in engineering practice.

• A low installation (construction) temperature is basically beneficial to prevent
cracking due to cooling during winter time, but it can lead to high compressive
stresses and lift off of the paving blocks in summer. However, according to the
performed simulations, a bonding strength of 0.1 MPa, in shear as well as normal
direction to the interface between the paving blocks and the mortar bed, should be
sufficient to avoid both distinct cracking in winter as well as lift off of the paving
block superstructure in summer. Additionally, the numerical results give reason
to believe that shading measures, in case of high solar radiation, are of benefit
with respect to cracking in winter time.

• Based on the findings of this paper, expansion joints through the paving block
superstructure only seem to be useful if the mentioned critical bonding strength
cannot be reached and single large cracks are likely to occur. If only failure mech-
anisms according to Region 2© (fine crack network) arise, expansion joints lose its
purpose and may be omitted as long as the structure and connected installations
can resist the compressive stresses in summer and an adequate bond between mor-
tar bed and the pervious concrete layer is provided. Following this approach,
also the challenge to predict the right location of expansion joints, which was seen
often failed in retrospect, could be avoided.

In summary, the proposed numerical simulation tool allowed us to shed light on some
unanswered questions regarding the performance of paving block structures with mor-
tar filled joints, even if they cannot be answered fully yet. Further investigations will
focus on different laying patterns, as exemplarily shown in Figure 4.17, combined tem-
perature and traffic loading and the description of more complex failure mechanisms
(including cracking through paving blocks). Furthermore, similar to the work in Füssl
et al. (2015a) and Füssl et al. (2016a), the mechanical response under vertical load-
ing will be investigated numerically. Also additional identification experiments on the
mortar bed’s cohesive strength to the pervious concrete layer are contemplated.
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In recent years paving block structures with mortar filled vertical joint have become
a favorite alternative to asphalt pavements, mainly in intra-urban regions. Whereas
paving block structures with sand filled joint are used for areas with light or low traf-
ficked roads, paving block structures with mortar filled joint may be used in all areas,
even when heavy traffic loads are expected. Unfortunately, immature design concepts
of such structures often lead to unexpected cracks resulting from thermal loadings. This
motivated the construction of three large paving block test fields in Waldegg, Austria.
A numerical simulation tool was developed and compared to data obtained from the
test fields. By means of the simulation tool proposed in this chapter basic structural
failure mechanisms for rigid paving blocks structures on splitbed could be obtained.
Finally, estimates for necessary friction coefficients between paving blocks and splitbed
to prevent large cracks are given.
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5.1 Introduction and motivation

Figure 5.1: Cracks resulting from thermally induced stress

Paving block structures (pbs) have become a frequently used road construction
method in urban areas. Thereby, increasingly applied is the construction of rigidly
laid pbs, where the joints between paving blocks are filled with mortar. This rigidly
laid pbs can be particularly beneficial when heavy traffic loadings are expected. Unfor-
tunately, these structures often develop cracks on the surface, resulting from thermally
induced stresses. These cracks affect the visual appearance but also the mechanical
behaviour of these structures. As a consequence, the confidence and acceptance of this
type of construction is reduced, which prevents it from a more frequent use.

As it comes to design codes for the construction of rigidly laid paving block struc-
tures, little information can be gained. In the German speaking region, rigid pbs are
considered as a special construction method and only two guidelines offer recommend-
ations for their planning and construction, namely: Forschungsgesellschaft für Straßen-
und Verkehrswesen (2007) and Wissenschaftlich-Technische Arbeitsgemeinschaft für
Bauwerkserhaltung und Denkmalpflege (2009). Both documents recommend the use
of expansion joints and the latter mentions the positive influence of a strong adhesive
bonding between the paving blocks and the mortar bed.

Nevertheless, extensive literature can be found regarding an equivalent problem:
thermally induced stresses in concrete slabs and concrete pavements. Plannerer (1998),
Rostasy and Kraus (2001), Röhling (2005), and Schikora and Eierle (1999) investigated
thermal effects due to early stage hydration in concrete constructions. Bondy (1995),
Schweighofer (2011), and Maliha (2005) engaged themself with thermal stresses and
crack appearance in concrete pavements and slabs. Further contributions, Kolb (1988),
Schütte (1997), and Petersson (1998) focuse on the interaction between concrete slabs
and base layers.

To the authors knowledge, only two works regarding numerical simulations of rigidly
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laid paving block structures, namely: Buchholz (2010) and Hengl et al. (2017b) can be
found at the current moment. When it comes to numerical tools for paving block
structures, several studies were published, which can be found in: Nishizawa et al.
(1984), Jacobs and Houben (1988), Huurman et al. (1992), Lerch (2005), Ascher et al.
(2006), Oeser and Chandra (2010), Füssl et al. (2016b), and Hengl and Füssl (2016), to
mention only a short selection of them.

The lack of reliable design concepts concerning rigidly laid pbs was the main motiva-
tion for this work. To gain better understanding of the mechanisms and causes in rigidly
laid pbs that lead to crack occurance were the focus of this work. More specifically, the
following questions arose and should be answered in this work:

1. Can the main results gained from full scale temperature loading tests be repro-
duced with numerical simulations?

2. When, where, and why are cracks occuring in such paving block structures?

3. What is the impact of the friction coefficient or bonding between paving blocks and
the beneath layers on the mechanical performance of the paving block structure
and how do these parameters affect the distance between cracks?

4. How does the fracture energy of interfaces between materials influence the occur-
rence of cracks in paving block structures?

5. To which extend are sublayers influencing the vertical load bearing capacity?

6. Based on a better understanding of rigid paving block structures, can any recom-
mendations be given regarding the construction method?

To answer that questions, a full scale field experiment with three different pbs was
carried out with industry partners in Waldegg, Austria. The details of the field exper-
iments can be found in Section 2. In Section 3 the numerical model and the results of
various numerical simulations are given. A final conclusion is given in Section 4.

5.2 Full scale field experiments

To evaluate the horizontal displacements of rigid paving block structures under real
climatic conditions, three full scale test fields were constructed in November 2015.

5.2.1 Testfield layout

Usually guidelines recommend a maximum field length of 6 to 10 m for rigid pbs and the
installation of expansion joints between the fields to compensate thermal expansion and
contraction. To encourage the occurrence of cracks these guidelines were consciously
ignored and the test fields were constructed without expansion joints and field lengths
of 15 m.

Test fields

Three test fields were constructed at Waldegg, Austria in Winter 2015. These test fields
were constructed over a length of 15 meters and with a width of 1 m each, separated
by gravel-filled gaps of 20 cm. Horizontal movement was prevented by a rigid concrete
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bearing at the one end of the test fields. The opposite side of the pbs is not hindered
in any way, allowing horizontal deformations to develop freely. The basic layout of the
test field is shown in Figure 5.2.

Figure 5.2: Basic layout of the three different paving block structures in-
stalled for full scale temperature experiments

Pavement Structures

The composition of the three different paving block pavements investigated is schemat-
ically illustrated in Figure 5.3. The test fields can be refereed to as:

• Test field 1: concrete blocks with mortar-filled joints laid in a mortarbed on a
pervious concrete base course

• Test field 2: concrete blocks with mortar-filled joints laid in mortarbed on an
unbound base course

• Test field 3: concrete blocks with mortar-filled joints laid in splitbed on an un-
bound base course

Block Types and Laying Pattern

For all three test fields, concrete blocks with the dimensions 205/170/80 mm were used.
The blocks were laid in a stretcher bond separated by joints of 10 mm width. The joints
were then filled with cement mortar containing 2 mm aggregates. For the bedding a
cement mortar with 8 mm aggregates was used.

Instrumentation

Six PT100 temperature sensors were built into test fields 1 and 2. They were placed on
the surface, underneath the bedding (13 cm) and underneath the base course (-28 cm)
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Figure 5.3: Three different paving block structures investigated in full scale
field experiments

to record the temperature in different depths of the pavement structure. Furthermore,
six Wenglor CP35MHT80 laser distance sensors were applied to the pavement surfaces
to record horizontal deformations. They were placed in the middle and at the free end
of each test field, as can be seen in Figure 5.4. In addition, a weather station was set
up nearby to collect air temperature, rain, wind, and solar radiation.

Temperature PT100

Distance CP35MHT80Concrete Block

Bedding

Base Course

Subbase Course

Test-field 1

Test-field 2

Test-field 3R
ig
id

A
bu

tm
en
t

Fr
ee

En
d

Figure 5.4: Instrumentation on Test Field

Construction

The test field was built in November and December 2015. After finishing the rigid
concrete bearing, the anti-frost layer was constructed for all three test sections at once.
On November 25th, 2015 at air temperatures of about 0◦C, the base course for Section
2 and 3, and the pervious concrete base for Section 1 were constructed. On November
26th, 2015 the mortarbed for test field 1 was applied and the concrete paving blocks
were laid into the bedding. The block pavement and the mortarbed of Section 2 were
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built on November 27th, 2015 and November 30th, 2015 at air temperatures between
3◦C and 11◦C. The concrete blocks of test field 3 were paved on splitbed afterwards. On
Dezember 2nd, 2015 the joints of the three test fields were filled with cement mortar at
air temperatures of about 10◦C. Though the climatic conditions were not ideal for the
construction of rigid pbs, the low construction temperatures were beneficial to obtain
large deformations in summer.

5.2.2 Execution of full scale experiments

The experiments should deliver accurate temperatures in different layers of the pavement
structures and correlated displacements due to the structures thermal expansion and
contraction. The measurements were intended to be carried out for at least one year.
Further, due to the design of the test fields, crack occurrence was expected and therefore
visual inspections of the pavement surfaces were planned. The measurements can be
listed as following:

• The temperature measurements, based on the temperature sensors built into test
field 1 and 2, started on Dezember 25th, 2015 at an air temperature of 0◦C. The
measuring interval was set to 15 minutes.

• Horizontal deformation, which were measured in the middle and on the free end
of the pavements surfaces, were obtained by laser distance sensors. This measure-
ments also started on November 25th, 2015 and the measuring interval were set
to 15 minutes.

• The aim of the visual inspection was to register surface damages, especially cracks.
Therefore, inspections were planned after the first winter (May 2016), the first
summer (October 2016), and in the second winter (December 2016). All damages
were documented with videos and photos.

5.2.3 Results of full scale experiments

In a period of 13 months (till January 29th, 2017) over 260.000 temperature data points
were recorded from sensors in the test fields and additional sensors which captured
the air temperature. Temperature distributions of the air, on the pavements surface,
beneath the bedding, and under the base course is shown in Figure 5.6 a. The minimum
air temperature was -16,1◦C and the maximum +33,4◦C, leading to an air temperature
range of approximately 50◦K. The maximum temperature difference on the pavements
surfaces was 54◦K for the pavement surface, 39◦K underneath the bedding, and 30◦K
underneath the base course.

The results further reveal, that there were no major discrepancy of temperatures
beneath the pervious concrete layer and beneath the unbound base layer. The temper-
atures beneath the bedding and the base courses followed the air temperature with a
time delay of 1.5 to 6 hours, depending on the layers depth. The daily surface temper-
ature courses of hot summer days reveal extreme temperature increases of 26◦K during
10 hours followed by a 14 hours decrease during the night. On cold winter days the
pavements surface temperatures are generally higher than the air temperature and there
are much less fluctuations (4◦K) during a 24 hour period than in summer. For longer
cold periods of one week or more the temperatures in the bedding and the base course
fell below 0◦C.
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(a) Temperature data points (b) Distance data points

Figure 5.5: Results of temperature experiments

Deformation Analysis

In a period of 13 month (till January 29th, 2017) more then 220.000 distance data
points were recorded from the distance sensors applied to the test fields surfaces. In
Figure 5.6 b, the course of the horizontal deformation for the free end of the three
test fields are presented. For each of the six sensors the minimum, the maximum, the
mean, the range, and the standard deviation were calculated and are given summarised
in Figure 5.1. The maximum compression of -0.6 mm was measured during the cold
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Period
25.12.2015-29.01.2017 Test-field 1 Test-field 2 Test-field 3

Displacement [mm] Middle Free End Middle Free End Middle Free End
Minimum -0.5 -0.5 -0.6 -0.5 -0.6 -0.2
Maximum +0.5 +3.4 +0.9 +2.7 +0.8 +3.4
Range 1.0 3.9 1.4 3.2 1.4 3.6
Mean Value 0.0 1.2 0.0 1.0 0.1 1.6
Deviation 0.1 0.7 0.2 0.6 0.2 1.0

Table 5.1: Statistical analysis of Displacements for test sections 1, 2, and 3

weeks in January 2016, where the temperatures were clearly below 0◦C. The maximum
expansion of 3.4 mm was measured in the beginning of August 2016.

The measurements show that the free end of the pbs can deform easily. In longit-
udinal direction the shear force increases, resulting from the interaction of the bound
layer/layers to the unbound ones. As a consequence, the distance sensors in the middle
of the structures only record measurements up to 0.9 mm, whereby at the free end of
the structure almost 3.4 mm were recorded.

Based on the experimental observations, the following statements can be made:

• The temperature gradient over the cross section of the construction causes incom-
patible deformations and is, thereby, holding back the deformation of structural
elements with the highest temperature loads. This leads to temperature-induced
internal stresses.

• The constant temperature part in the cross section drives the bound layers of the
structure to contract/expand. As far as the bonding between these layers is intact,
the deformation happens uniform to a great extend. Nevertheless, differences of
thermal expansion coefficients may result in internal stresses and distortion of
cross-sections.

• The deformations of the structure, resulting from the temperature gradient as well
as from the constant part of the thermal loading, are restrained by the friction
to the unbound layers. Usually the center of displacement lies in the center of
mass. When the contraction is blocked, this center shifts. In case of the test
fields, the center of displacements can be found at the rigid concrete bearing prior
to any crack occurrence. The structure contracts until the (constant) thermally
induced stress in the cross-section is equal to the summed up shear stresses oc-
curring due to friction to the unbound bases. This effect can be examined by
means of the numerical simulation results as shown in Figure 5.11 a. As can be
seen, the deformations in the structures’ half with the rigid bearing are almost
completely blocked. This explains the low displacement measurements obtained
by the sensors in mid field compared with the sensors at the free end, as illustrated
in Figure 5.1.

Figure 5.6 shows the interdependence of horizontal deformation and surface temperature
for test field 1 and 3, respectively. The figure reveals the fact that the deformation of
test field 1 (mortarbed on pervious concrete) are mainly reversible, while at test field
3 the cracks pervade the whole bound superstructure, leading to several independent
parts of the structures with their own center of mass.
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(a)

(b)

Figure 5.6: Interdependence of horizontal deformation and surface tem-
perature for test field 1 and 3

Crack Distribution

The first visual inspection of the test fields were carried out in May 2016. No damage
or cracks appeared in test sections 1 and 2. Nevertheless, on test field 3 three very fine
cracks were found. Those cracks were about 5 m apart, so the spacing was approximately
a third of the length of the test section. After summer the visual inspection in October
2016 showed also some fine cracks in test sections 1 and 2, approximately in the middle
and a quarter of the section length. In test section 3 the cracks increased and the
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spacing was approximately an eight of the length. Two cracks in the last third (row 58
and 73) were nearly 1 mm wide (Figure 5.7 b). During inspections in December 2016,
three additional fine cracks were found in the last third of test field 1. On test field 2
two additional fine cracks were identified and the largest crack opened up to 1mm. Test
field 3 was nearly unchanged compared to the last inspection. An overview of the cracks
on test fields surfaces in May, October, and December 2016 is given in Figure 5.6.

(a) May 2016 (b) October 2016 (c) December 2016

Figure 5.7: Overview of crack patterns on the three test fields, recorded at three
different times.

5.2.4 Falling-weight-deflector experiments

To evaluate the load bearing capacity of the three different pavement structures, meas-
urements with a Falling-Weight-Deflectometer (FWD) were carried out in June 2016.
For each test field three measurement points were chosen, as illustrated in Figure 5.8,
and loads of 50 kN, 75 kN, and 100 kN were applied with two repeat tests.
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(a) Position (b) FWD-Instrumentation

Figure 5.8: Falling-Weigth-Deflectometer (FWD) (b) and test positions on the
three test fields (a).

5.2.5 Results falling-weight-deflector experiments

For each test section the deflections for all three measurement points are illustrated in
Figure 5.9, for a load of 50 kN. The lowest deformations were measured for concrete
blocks with bonded construction method on drainage concrete layer (test field 1). For
concrete blocks with bound construction method on unbound base course (test field
2), the deformations in the center of the load are nearly twice as high as for test field
1. Nevertheless, test field 3 showed the largest deformations, approximately four times
higher than for test field 2 and two times higher than for test field 1, as illustrated in
Figure 5.9.
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Figure 5.9: Measured deflection curve with the FWD for the
three different paving block structures and for three differ-
ent testing positions on each structure.

5.3 Numerical simulations

5.3.1 Numerical model

In a next step, the three test fields described in Section 2 were investigated by numer-
ical models. The numerically modelled regions of test field 3 are shown exemplary in
Figure 5.10. The mortar joints between the paving blocks were modelled as surface-
to-surface interactions, therefore, the total length of the numerical model is only 1394
cm. These interactions were modelled as surface-based cohesive behaviour with a gen-
eralised traction-separation law. Damage occurs when the maximum of the ratios,
max{(〈tn〉/ton), (ts/t

o
s), (tt/t

o
t )}, reaches the value of 1, whereby tn, ts, and tt denote the

traction forces in normal and tangential direction. The related strength values ton, tos,
and tot were set to 0.12 MPa and 0.11 MPa. The shear strength value was obtained
from TVFA Vienna and the normal strength value from Buchholz (2010). The fracture
energy for mortar of 0.03 mJ

mm2 as in Trunk and Wittmann (2001) was reduced to 0.001
mJ
mm2 , to consider the brittle behaviour of the interface between paving block and joint
mortar. Stabilization of the cohesive interaction was necessary to improve the conver-
gence of the simulations. Further, to exclude a significant influence of viscous energy
dissipation, a convergence study was carried out to ensure the quality of the solutions.
A stabilization factor of 0.001 was found to deliver physically meaningful results at a
justifiable computational cost. The material and interaction properties were mainly
gained from previous identification experiments at TU Wien, as can be found in Füssl
et al. (2015b), Füssl et al. (2015a), Füssl et al. (2016b), Füssl et al. (2016a), and Hengl
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et al. (2017b).
Two kind of numerical simulations were performed: thermal loading simulations to

capture the occurrence of cracks and vertical loading simulations to virtually reconstruct
the falling-weight-deflector experiments.

For the thermal loading simulations, the symmetry of the model was utilized and
symmetric boundary conditions were applied to the longitudinal axis, as illustrated in
Figure 5.10. On one side of the pbs the horizontal displacement was prevented, as in
the full scale field experiments.

Two simulation steps were then carried out, in the first step the dead load was applied
and in a second step the temperature loading. The applied temperature gradient, as
illustrated in Figure 5.10, was retrieved from the temperature experiments as described
in Section 2. More precisely, experimentally obtained data from the particular summer
day with the biggest difference between highest and lowest temperature was used.

For vertical loading simulations the geometry of the numerical model was changed
to a width of 4.3 m and a length of 4.25 m. Thereby, the reaction of the underneath
layers and the soil could be capture accurately. The deadload was applied in a first
computational step and the vertical load in a second step. The load was applied by a
fully modelled steel plate to ensure the right distribution of pressure in the loaded area.

The numerical simulations were carried out with the commercial Finite Element
Software Abaqus. Geometric non-linearity and inelastic material behaviour of unbound
layers were taken into account. More than 100 simulations were run at a HPC-Cluster
at TU Wien. The average computation time for the thermal simulations with 627.516
DOF was around 21 hours. The average computation time of a vertical loading simu-
lation took around 4 hours. In the course of the temperature simulations, the friction
coefficient and the fracture energy were varied.

numerical
model - fwd

numerical
model - temp

penalty friction
concrete/motrar -
unbound layer

cohesive behavior
between blocks

friction coeff. 0.6

dimensions
paving block: 17/20.5/8 cm
splitbed thickness: 5 cm
unbound upper base layer: 15 cm

load case "summerday"

47 ◦C

35 ◦C

29 ◦C

21 ◦C

25 ◦C

25 ◦C

0 cm

14 cm

34 cm

1394 [cm]

430 [cm]
102.5 [cm]

Figure 5.10: Geometry, boundary, and interaction conditions of numerical
models for temperature and FWD simulations.
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5.3.2 Results of temperature simulations

A comparison of horizontal displacements due to abrupt cooling, as illustrated in Fig-
ure 5.10, obtained by full scale experiments and numerical simulations is given in
Table 5.2. Although the results from the test field experiments could not be repro-
duced exactly by the numerical simulation tool, the horizontal deformations are in the
same order of magnitude and qualitative differences of the structures’ response are cor-
related. The interaction between paving blocks and the underlying layer is considered
to be one of the most important factors in determining the performance of such a pav-
ing block structure under temperature loading (cooling). In Hengl et al. (2017b) the
influence of the bonding strength between paving blocks and bonded layers beneath,
as present in test field 2 and 3, was investigated. Therefore, the following simulation
program aims mainly to isolate the parameters that influence the occurrence of cracks
in rigid pbs laid on splitbed.

Diff Exp. [mm] Diff Sim. GF1 [mm] Diff Sim. GF2 [mm]
uh test field 1 1.62 3.55 3.55
uh test field 2 1.02 1.67 1.75
uh test field 3 0.52 0.30 0.51

Table 5.2: Comparison of horizontal displacements due to abrupt cooling
obtain by test field experiments and numerical simulations,
GF1 = 0.001 [ mJ

mm2 ], GF2 = 0.0025 [ mJ
mm2 ]

The friction coefficient between the paving blocks and the splitbed is a signific-
ant factor for crack occurrence of such structures and prevents or hampers its desired
thermal contraction/expansion. It can be assumed that the experimentally obtained
friction values between paving blocks and splitbed are exceeded in reality, resulting
from intrusion of joint mortar into the splitbed, from unevenness of the splitbed or
other blockings of paving block displacements. The influence of the friction coefficient
on the number of occurring cracks and the width of these cracks can be found in the
parameter study illustrated in Figure 5.13. The first major crack appears at a friction
coefficient of around 0.1. The number of cracks is increasing as the friction increases,
until it reaches a value of around 0.75. Then, the number of cracks stays to some extent
constant, with 11 to 14 cracks and an average crack distance of about 1020 to 1190 mm.
The cracks widths decrease as the contraction of the superstructure is distributed over
several cracks. Due to the lift-off of the short rigid parts, only a small area stays in
contact with the splitbed. Therefore, very high friction values would be necessary for a
further crack occurrence.

Even at very low values of the friction coefficient fine cracks occur on the surface of
the pbs, resulting mainly from the gradient of the thermal loading. Yet, these cracks
do not open up significantly and are probably not be seen with the naked eye or even
do not occur due to the not considered relaxation of mortar in the vertical joints, and
respectively are neglected in the following discussion.

With an increasing friction coefficient, the normal stress resulting from blocked
thermal contraction increases. This normal stress in the cross-section rises from the free
end of the pbs until it reaches an equilibrium with the accumulated shear forces resulting
from friction. As the contraction is blocked from that point on, no movement occurs
and therefore no more friction is activated for the rest of the splitbed, as illustrated in
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(a) 2.5% of thermal load applied

(b) 10% of thermal load applied

(c) 20% of thermal load applied

(d) 40% of thermal load applied

Figure 5.11: Shear forces between paving blocks and splitbed at different
time steps of the simulation, with a friction coefficient of 2.5 between
paving blocks and the underlying splitbed.

Figure 5.11 a.
The normal stress is respectively constant for that part of the superstructure. The

occurrence of the first crack can happen at any joint in this region, but usually occurs
close to the rigid bearing due to the increased local stiffness.

After this first cracks appears, the stress is decreasing with increasing crack width,
as defined by the linear cohesive damage evolution law, which is determined by 0.001
mJ
mm2 . The center of the contraction shifts towards the middle as the contact interaction
gets weaker with the increasing thermal load.

In the illustrated displacement field in Figure 5.6 a, the remaining temperature is
not sufficient to open up the crack further then 0.22 mm. When the friction coefficient
increases the crack opens up at a lower thermal loading, leaving more thermal contrac-
tion for the increase of the crack widths. Due to the opening of the crack, friction occurs,
and the normal stresses in the superstructure increase until the next crack opens, as
illustrated in Figure 5.11 a to d.

Another significant parameter is the fracture energy. Figure 5.14 shows the variation
of the fraction energy from 0.00001 to 10 [ mJ

mm2 ] with a steady friction coefficient between
paving blocks and splitbed. The number of cracks is highly dependent on the fraction
energy. For high values of fracture energy the cracks cannot open and stress is still
transmitted between blocks. For reduces values of fracture energy of about 0.25 [ mJ

mm2 ],
the first crack can open up and the crack opening is quite high. When the fracture energy
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(a) Friction coefficient between paving blocks and splitbed: 0,05
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(b) Friction coefficient between paving blocks and splitbed: 0,1
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(c) Friction coefficient between paving blocks and splitbed: 0,5

max. crack 0.40 [mm]
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0.00

(d) Friction coefficient between paving blocks and splitbed: 5

Figure 5.12: Resulting displacement fields obtained from simulations of
test field 3

is further reduced more and more cracks open up. But the crack opening diminishes as
the contraction is divided into several cracks.

5.3.3 Results of FWD simulations

To get to a good correlation with the field experiments the E-modulus of the soil had
to be increased to 490 MPa. It is assumed that this high stiffness results from a strong
compression and/or from consolidation due to neighboring buildings. The numerical
results show a good correlation with the mean values obtained by the FWD experi-
ments for each test field. Figure 5.16 illustrates the results from the FWD simulations
of the test fields compared with the average values from the FWD measurements. It
can be seen that the maximum deformation agrees very well, whereby the course of the
vertical deformation in distance with the load center varies significantly. It is assumed
that a to high stiffness for the loaded steelplate is the reason for that effect. Neverthe-
less, the deformation field of test field 3 can be found in Figure 5.15. The distribution
of vertical deformation along the bound superstructure can be seen. Whereas in the
perpendicular direction a strong deformation over the cross-section is found. A modi-
fication of the model under usage of symmetry boundary conditions will be used for a
further comprehensive parameter study.
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Figure 5.13: Maximum crack opening and number of appear-
ing cracks for different friction coefficients between paving
blocks and splitbed (test field 3).
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Figure 5.14: Maximum crack opening and number of cracks for
different fracture energies of vertical joints (test field 3).
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Figure 5.15: Vertical displacement field obtained from vertical loading sim-
ulations on test field 3.
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Figure 5.16: Results of falling-weight-deflector experiments com-
pared to the corresponding numerical results.

5.4 Conclusion

The full scale field experiment made it possible to achieve important knowledge regard-
ing temperature, displacement, and crack behaviour of paving block structures with
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mortar-filled joints. Visual inspections revealed a significant difference regarding the
number and width of cracks on the three test fields. On test field 1 (mortar bed on
drainage concrete) far less cracks formed than on test field 2 (mortarbed on unbound
base course). On test-field 3 (splitbed on unbound base course) two significant cracks
with a width of 1 mm developed. These cracks occurred during the summer period
2016 and increased in width until winter 2016. Additional measurements with a falling
weight deflectometer (FWD) revealed the differences of the load bearing capacities of
the investigated testfields. Realistic temperature gradients were obtained and could be
implemented into numerical models.

The results obtained from the test fields could be reconstructed by means of nu-
merical simulation after adjusting the friction coefficient between paving blocks and
splitbed, the fracture energy, and damage initiation values for the cohesive surface-to-
surface interaction of the vertical joints between paving blocks. To reproduce the FWD
results, the stiffness of the soil layer had to be increased. For the half of the test fields
with the rigid concrete bearing, displacements of approximately 1 mm were measured.
The distance sensors on the free end of the test fields measured displacements of 3 mm
to 4 mm. These results correlate with insights obtained by numerical simulations.

The conclusions of this work can be summarized as follows:

• Normal stresses, leading to cracks on the surface of paving block structures with
mortar-filled joints, result due to thermal loading either from the thermal gradi-
ent, from varying thermal expansion ratios within the bounded layers, or due to
hampered or restricted contraction of the structure occurring from friction to the
unbound sublayer. The stresses resulting from friction to the unbound sublayer
are accumulated, beginning from the free end of the test field, until either: (1) the
cohesive strength of the mortar bed is reached and cracks opening up, which de-
creases the internal stress, or (2) an equilibrium between the internal stresses in a
cross-section of the structure and accumulated shear forces is found, subsequently,
the structure stops contracting and no more frictional shear stresses occur, or (3)
the whole contact area between paving blocks and splitbed exceeds the sticking
friction and thereby contracts.

• The fiction coefficient between paving blocks and splitbed indeed seems to have
a very large impact on the performance of a paving block superstructure un-
der temperature loading. A characteristic friction coefficient lower than 0.8 MPa
avoids the occurrence of distinct large cracks according to the performed numer-
ical investigation, for the specific length of the test field. In case of longer paving
block structures with mortar-filled joints, this value will decrease. Friction coeffi-
cient values around 0.6 MPa are usually found in literature for friction coefficients
between concrete and unbound layers. It can be assumed that the experimentally-
obtained friction coefficient values are exceeded in reality, resulting from intrusion
of joint mortar into the splitbed, from unevenness of the splitbed, or other block-
ings of paving block displacements.

To obtain further insights, the extraction of drilling cores is planned. The pass
through of cracks on test field 2 could explain the divergence of the crack occurrence
between test field 2 and 3. For a further usage of the test fields, different methods for
crack repair and their influence on load distribution and durability will be examined.



Conclusions and outlook

Concluding remarks

Based on the results obtained from the publications in the first part of this thesis, the
main findings can be summarized as follows:

• In Publication A it is presented that the operation of the Mobile Load Simulator
worked properly for the traffic simulation on the three different test sections con-
ducted in cooperation by VUT and EMPA. Thus, this testing method can be
recommended for superstructures with paving blocks. The installed soil pressure
cells on the top of the upper base course and the subgrade were able to capture
compressive stress peaks due to a tire rollover.

• On the basis of three different lab experiments, an appropriate characterization of
the tangential as well as normal mechanical behaviour of the sand-filled joints was
possible. The obtained mechanical behaviour could be implemented accurately
into the finite element model, using Mohr–Coulomb friction in tangential direction
and a non-linear elastic material law in normal direction.

• For the first time, the complex bedding and interaction behaviour of paving blocks
could be considered within a numerical simulation tool realistically. A compar-
ison between the experimentally- and numerically-obtained pressure stress states
in the base courses showed a reasonable agreement. Nevertheless, the punctual
conducted pressure measurements cannot be considered as fully sufficient for a
profound validation of the proposed numerical simulation tool.

• In Publication B, the developed simulation tool could further realistically repro-
duce the load-bearing behaviour of superelevated paving block structures. The use
of an arc length method to control the application of load increments allowed for
a reliable determination of limit loads for different paving block structures, and,
thus, allowed for a mechanically-sound analysis of such structures. The addi-
tional load carrying capacity of superelevated paving block structures is activated
by compressive stresses at the contact surfaces between paving blocks, depending
on the shape of the superelevated profile. These compressive stresses allow tan-
gential forces to be transmitted between paving blocks by frictional resistance and
occurring bending moments are suppressed until it reaches structural failure.

• Through an accurate description of the non-linear interaction behaviour between
paving blocks, taking into account the frictional behaviour in tangential direction
and the separation in normal direction, the structural behaviour of superelev-
ated paving block structures could be simulated realistically. Two main failure
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mechanisms could be identified, snap through buckling and a mechanism charac-
terized by the development of a kinematic chain. The maximum applicable wheel
load as well as the occurring failure mechanism depends on the magnitude of the
superelevation.

• Considering three different loading situations and a large number of different su-
perelevations, a range of optimal superelevations could be identified. Interestingly,
the effect of different structural properties, such as horizontal support stiffness,
paving block dimensions, number of paving blocks, etc., on this range is smaller
than expected. For all investigated structures, the optimum superelevation lies
between 0.028 and 0.042 times the road width.

• In Publication C numerous tangential shear experiments have been carried out at
TVFA Vienna to identify the non-linear load transmission capability of different
joint formations. The obtained data allowed to develop a user subroutine written
in Fortran and thereby enhance the numerical simulation tool to enable horizontal
resistance simulations.

• Mainly for this reason, very plausible 3D deformation mechanisms could be ob-
tained for several laying patterns with different types of paving blocks. Interesting
insights into load transfer mechanisms could be gained, showing a huge variety
depending on the combination of laying pattern and type of paving block. The
fully automation of the model creation, enabled by a comprehensive Python script,
facilitated to run a huge amount of simulations. Finally, this allowed for a com-
prehensive performance evaluation of several paving block pavements with respect
to their horizontal shifting resistance.

Finally it can be stated that numerical simulations are a suitable tool to assess
vertical as well as horizontal loadings on paving block pavements. Sophisticated and
automated model generation allows the study of such complex model geometries with a
large number of interactions. For this reason, future work is devoted to the extension of
the modelling capabilities together with an easy to use interface, to make this numerical
simulation tool accessible for engineers.

The publications in the second part of this thesis mainly dealt with mechanical
mechanisms of paving block structures with mortar-filled joints and the occurrence of
cracks under thermal loading. Test field experiments allowed to achieve important
knowledge of the mechanical mechanisms, especially with respect to temperature load-
ing, displacement fields and structural brittle behaviour. Based on the obtained results,
the following conclusions can be drawn:

• In Publication D, identification experiments for the bonding strength between pav-
ing block and mortar bed, carried out at TVFA Vienna, provided shear strength
values for different paving blocks, which have been considered within this work.

• This bonding strength between paving blocks and mortar bed seems to have a
very high impact on the performance of a paving block superstructure under tem-
perature loading. A characteristic shear strength larger than 0.1 MPa avoids the
occurrence of distinct large cracks according to the performed numerical investig-
ation, even under the worst case scenario of very high installation temperatures
(up to 60 ◦C). Shear strength values between 0.26 and 0.28 MPa were obtained
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experimentally for concrete paving blocks, and would therefore be sufficient. How-
ever, these values were obtained by identification experiments under laboratory
conditions and, therefore, provide rather upper limits for the realistic bonding
strengths in the field. This could be an explanation for elusive damage to paving
block structures, frequently observed in engineering practice.

• A low installation (construction) temperature is basically beneficial to prevent
cracking due to cooling during winter time, but it can lead to high compressive
stresses and lift off of the paving blocks in summer. However, according to the
performed simulations, a bonding strength of 0.1 MPa, in shear as well as normal
direction to the interface between the paving blocks and the mortar bed, should be
sufficient to avoid both distinct cracking in winter as well as lift off of the paving
block superstructure in summer. Additionally, the numerical results give reason
to believe that shading measures, in case of high solar radiation, are of benefit
with respect to cracking in winter time.

• Based on the findings, expansion joints through the paving block superstructure
only seem to be useful if the mentioned critical bonding strength cannot be reached
and single large cracks are likely to occur. For higher bonding strengths, a fine
crack network arise and expansion joints lose its purpose and may be omitted
as long as the structure and connected installations can resist the compressive
stresses in summer and an adequate bond between mortar bed and the pervious
concrete layer is provided, respectively. Following this approach also the challenge
to predict the right location of expansion joints, which was seen often failed in
retrospect, can be avoided.

• In Chapter E, field experiment made it possible to achieve important knowledge
regarding temperature, displacement, and crack behaviour for block pavement
structures with mortar-filled joints. The results obtained from test-fields could
be reconstructed by means of numerical simulation after adjusting the friction
coefficient between paving blocks and splitbed, the fracture energy and damage
initiation values for the cohesive surface-to-surface interaction of the vertical joints
between paving blocks.

• The fiction coefficient between paving blocks and splitbed indeed seems to have
a very large impact on the performance of a paving block superstructure un-
der temperature loading. A characteristic friction coefficient lower than 0.8 MPa
avoids the occurrence of distinct large cracks according to the performed nu-
merical investigation, for the specific length of the test field. In case of longer
paving block structures with mortar-filled joints, this value will decrease. Fric-
tion coefficient values around 0,6 MPa are usually found in literature for friction
coefficients between concrete blocks and unbound layers. It can be assumed that
the experimentally-obtained friction coefficient values are exceeded in reality, res-
ulting from intrusion of joint mortar into the splitbed, from unevenness of the
splitbed or other blockings of paving block displacements.

• Further, the number and width of occurring cracks is depending on the fracture
energy. At high values of fracture energy the cracks can not open up and stress
is still transmitted between blocks, which represents a non brittle fracture. When
the fracture energy decreases, the first crack can open up significantly, as it is
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only one crack. The fracture energy necessary to prevent major cracks is further
depending on the structures length. When the energy is further reduced more
and more cracks open up. Subsequently, the crack opening diminishes as the
contractions is divided by the many cracks.

In summary it can be stated, that 3D numerical simulations represent an appropri-
ate method for the performance prediction of paving block structures. Sophisticated
identification experiments allow to identify mechanical models and the corresponding
material parameters. Thereby, the necessary input data for such simulations tools is
obtained and full scale experiments allow for partial validation. Sophisticated contact
modelling even allows the description of complex mechanical processes in paving block
structures. Thus, numerical simulations are a useful addition to experimental studies
and can strongly contribute to new insights into the complex mechanical behaviour of
paving block structures.
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