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A new horizon is appearing insthe ' world of communijcations and
internet that will surely have an influence in the way the
Computational Mechanics community will approach the
solution to many practical problems in the future.

What if all objects were interconnected and started to sense

their surroundings and communicate with each other? The
Internet of Things (loT) will have that sort of ubiquitous machine-
to-machine (M2M) connectivity. Since there are estimates that
between 50 billion to 500 billion devices will have a mobile connec-
tion to the cloud by 2020, here’s a glimpse of our possible future.

Your alarm clock signals the lights to come on in your bedroom; the
lights tell the heated tiles in your bathroom to kick on so your feet
are not cold when you go to shower. The shower tells your coffee
pot to start brewing. Your smartphone checks the weather and tells
you to wear your gray suit since RFID tags on your clothes confirm
that your favorite black suit is not in your closet but at the dry clean-
ers. After you pour a cup of coffee, the mug alerts your medication
that you have a drink in-hand and your pill bottle begins to glow and
beep as reminder. Your pill bottle confirms that you took your medi-
cine and wirelessly adds this info to your medical file at the doctor’s
office; it will also text the pharmacy for a refill if you are running low.

Your smart TV automatically comes on with your favorite news
channel while you eat breakfast and browse your tablet for online
news. After you've eaten, while you are brushing your teeth, your
dishwasher texts your smartphone to fire up your vehicle via the
remote start. Because your "smart” car can talk to other cars and
the road, it knows what streets to avoid due to early morning traffic
jams. Your phone notifies you that your route to work has been
changed to save you time. And you no longer need to look for a
place to park, since your smartphone reserved one of the RFID
parking spaces marked as “open” and available in the cloud.
Don’t worry about your smart house because as you exited it,

the doors locked, the lights went off, and the temperature was
adjusted to save energy and money.

Does it:sounds too farfetched for 20207?-It'shouldn’t since-a-good part
of that is in the works now. The German telecommunications giant
Deutsche Telecom’s M2M Competence Center has recently stated
that there are:-more than 100 million vending machines, smoke
alarms,vehicles, and other devices that-now-automatically-share
information. In Europe, M2M communications have moved even
the farmers out of barns and into this networked world of “things.”
According to IBM Director of Consumer Electronics Scott Burnett,
“What we're doing is creating the Facebook of devices. Everything
wants to be its friend, and then it's connected to the network of
your other device. For instance, your electric car will want to 'friend’
your electric meter, which will*friend" the electric company." Many
initiatives in this direction have been already. started by companies
of all sizes worldwide (see for example www.lhings.com )

In addition of the many technical questions to be yet solved, the
security and confidentiality of the information are issues of big
concern to loT developers and users. At the 4th Annual Internet of
Things Europe (Brussels, November 12-13, 2012) there were privacy
and security debates surrounding the need for separate data protec-
tion legislation for the loT. The privacy of devices, including sensors,
is.paramount and must be ensured to-prevent unauthorized access.
What are the.emerging security risks? How can it be ensured that
the required safeguards are in place to prevent IoT viruses and other
security threats?

The loT avalanche is approaching fast. How this can influence
our habits and the way we solve problems using Computational
Mechanics techniques is still uncertain. Clearly, new Real Time
computing methods and tools will be needed in many applications
of the 10T, but this might just be the edge of the iceberg. | would
recommend to keepa close track of what is coming and be active
players in the new loT times.
Eugenio Onate
Editor of IACM Expressions

:



Flapping-Wing Aerodynamics

by
Kenji Takizawa

Waseda University
Tokyo

and

Tayfun E. Tezduyar
Rice University
Houston

of an Actual Locust

lapping-wing aerodynamics is a class

of problems that the Team for
Advanced Flow Simulation and Modeling
(T*AFSM) <www.tafsm.org>
<www.jp.tafsm.org> has been focusing
on in recent years (see [1-3]). The wing
motion and deformation data is from an
actual locust, extracted from high-speed,
multi-camera video recordings of the
locust in a wind tunnel at Baylor College
of Medicine (BCM) in Houston (figure 1).
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We have two objectives in this computa-
tional mechanics research. The first one
is computer modeling and analysis and a
good understanding of the flapping-wing
aerodynamics of a locust, which one
assumes has good flight skills coming
from thousands of years of evolution.
The second one is using what we learn
from the locust flight in designing flapping
wings for a micro aerial vehicle (MAV).

Figure 1:

Wing motion and deformation data is
extracted from video recordings of a
locust in a wind tunnel, with a large
number of tracking points marked on
the wings.

Left: locust in a wind tunnel at BCM.
Right: tracking points in the video data
set. Pictures courtesy of Fabrizio
Gabbiani and Raymond Chan (BCM)

Figure 2:

Temporal NURBS basis functions are
used in representing the motion and
deformation data for the locust wings.
Top: data and temporal-control
variables.

Bottom: basis functions corresponding
to the control variables in the parametric
space. For details, see [1, 2]

Figure 3:

Left: forewing (FW) and hindwing (HW)
surfaces represented by NURBS and
the control points.

Right: FW control mesh and
corresponding surface at three
temporal-control points. This process
gives us a NURBS-represented data
set in both space and time for each
wing. For details on how the time
histories of the tracking points from

the video recordings are converted to
spatial and temporal representations
with NURBS basis functions, see [1, 2]
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The core computational technology used
is the Deforming-Spatial-Domain/Stabi-
lized Space—Time (DSD/SST) formulation
[4, 5], specifically, a new DSD/SST ver-
sion [6, 7] derived in connection with the
residual-based variational multiscale
(VMS) method [8, 9]. This new version is
called “DSD/SST-VMST.” We also use a
number of special space—time techniques
[1-3] targeting flapping-wing aerodynam-
ics. In the space—time flow computations,
we use NURBS basis functions [10]

for the temporal representation of the
motion and deformation of the locust
wings (figure 2). This is in addition to
using NURBS basis functions for the
spatial representation of the wings

(figure 3). Converting the time histories
of the tracking points from the video
recordings to spatial and temporal
representations with NURBS basis func-
tions is a fairly complex process, with a
number of projections in space and time,
explained in detail in [1, 2].

Prescribing an accurate wing motion

and deformation is important in achieving
an accurate flow computation. For that
reason, before we start the computation,
we compare the wing motion and defor-
mation in our model to the pictures
recorded in the wind tunnel (figure 4).
The length scales involved in the compu-
tations are shown in figure 5. The air
speed is 2.4 m/s, which represents the
average wind tunnel speed used in the
video recordings. The Reynolds number,
based on the air speed and the FW span
of 90 mm, is 1.48 x 104. The flapping
period is 0.047 s.

Figure 5:

Length scales involved
in the model used in
the computations

Figure 4:

Comparison of computational model and wind
tunnel pictures at eight points in time.

Viewing angles are matched approximately.

Wind tunnel pictures courtesy of Gabbiani and Chan

We use temporal NURBS basis functions
also in representation of the motion of the
volume meshes computed and in remesh-
ing (i.e., in generating new set of nodes
and elements). Given the surface mesh,

Figure 6:

Mesh motion and remeshing using temporal NURBS basis functions.
Meshes computed with the mesh moving method introduced in [11]
serve as temporal-control points, with longer time in between.
Mesh-related information, such as the coordinates and their time
derivatives, can be obtained from the temporal representation
whenever needed. When we need to remesh, we do that by
multiple knot insertions where we want to remesh, making that

point in time a patch boundary. For more details, see [1, 2].

o M2

| l
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Remeshing point
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we compute the volume mesh using the
mesh moving technique we have been
using [11]. Here, we apply this technique
to computing the meshes that serve as
temporal-control points. This allows us to

Figure 8:

Streamlines colored by velocity magnitude at approximately
25% (top) and 50% (bottom) of the flapping cycle.

The vortex structure on the HW is highlighted at top

iacm expressions 32/12| 4

Figure 7:

Vorticity magnitude
at an instant during
the flapping cycle

.

‘e

do mesh computations with longer time in
between but get the mesh-related informa-
tion, such as the coordinates and their time
derivatives, from the temporal representa-
tion whenever we need. Obviously this also
reduces the storage amount and access
associated with the meshes. The concept
of using temporal NURBS basis functions in
mesh motion and remeshing is illustrated in
figure 6. More details can be found in [1, 2].

Figure 7 shows the vorticity magnitude at
an instant during the flapping cycle, and fig-
ure 8 shows the streamlines at two instants.

We use this set of techniques in computa-
tion of the bio-inspired flapping-wing aero-
dynamics of an MAV. The MAV body was
inspired by the current unmanned aerial ve-
hicle (UAV) designs. The wing shapes, mo-
tion and deformation are from the locust,
with some changes in the way the HWs are
attached to the body (figure 9). The flight
conditions are the same as those for the lo-
cust. Figure 10 shows the vorticity magni-
tude at two instants during the flapping
cycle.

This article shows that the core and special
space—time methods we have developed
can be very effective in modeling flapping-
wing aerodynamics of an actual locust, and
what we learn from that can be used in de-
signing bio-inspired flapping wings for an
MAV. The core and special techniques
used can be found in [4-7, 1, 2, 12]. The
readers can also find material on this sub-
ject, and some movies, at our Web sites
<www.tafsm.org> <www.jp.tafsm.org>.
Research was supported in part by NSF.
Method development and evaluation com-
ponents of the work were supported in part
by ARO (second author) and Rice—-Waseda
research agreement (first author). We



thank Fabrizio Gabbiani and Figure 9:
Raymond Chan (BCM) for Body and wings
providing us the the wind tunnel for the locust (left)
data. Several members of the and MAV (right)
T AFSM contributed to this
research; they are the coauthors
of the cited articles [1-3]. ®
[
]
o Figure 10:
Vorticity magnitude
for the MAV
at two instants
during the
flapping cycle
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COmputufionuI Mechanics

by

Josef Flissl

Thomas K. Bader,
Josef Eberhardsteiner
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of Technology,
Austria

Figure 1:

Metropol Parasol

in Sevilla, Spain,

one of the worlds largest
timber engineering
constructions with

3400 individual

wooden elements
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for Advanced Timber Engineering

- from material modeling to structural applications -

Wood products for structural elements
are gaining importance in the build-
ing sector. Not least because of their
evident ecological advantages, their share
on the building market increases con-
stantly, and volume consumption is facing
enormous growth rates. Nevertheless,
dimensioning practice and many existing
design rules are still based on an empirical
background, which often leads to unsatis-
factory results in terms of efficiency and
reliability. In order to exploit the full poten-
tial of the material and to facilitate its use
for modern constructions (figure 1), which
are characterized by two- and three dimen-
sional bearing components, reliable com-
putation methods for timber engineering
are required.

To overcome this undesirable situation,
the application of computational methods
to wood, engineered wood products, and
to timber connections, with the objective to
provide an improved mechanical founda-
tion for the intensification and completion
of design codes in timber engineering, is
forced in recent years. This is expected to
boost an efficient use of wood and wood-
based products in timber structures. More-
over, based on reliable desigh methods,
new areas of applications for engineered
wood products may be accessed.

Current design concepts, used in timber

engineering, are characterized by:

» Deficiencies in the mechanical under-
standing of the clear wood behavior
and its relation to microstructural

characteristics, which results in a lack
of knowledge of material properties for
different wood species, and their
dependence on wood sample-specific
parameters, such as mass density and
moisture content.

» Insufficient knowledge about the influ-
ence of knots, knot groups and other
‘defects’ on the mechanical behavior of
timber elements, which makes classifi-
cation of structural timber less efficient
and does not allow for full utilization of
the potential of the material.

» A high degree of simplification and
unification of the underlying mechanical
processes. As a result, important me-
chanical characteristics, such as plate-
and lamination effects in wood products
as well as the distinct compliant be-
havior of mechanical connections, are
taken into account in a very simplified
manner only. Moreover, due to a miss-
ing comprehensive mechanical concept
applicable to different design tasks,
empirical parameters, determined by
experiments, are dominating current
design concepts.

Considering these issues, the wood
mechanics-related working group at the
Institute for Mechanics of Materials and

Structures (IMWS) at Vienna University

of Technology pursues a strategy to link

microstructural characteristics with me-

chanical properties of clear wood, which
can subsequently be used for modeling

of timber, of wood-based products, and of

timber structural applications. This design

concept is virtually applicable to all design
tasks in timber engineering. In this article,
the following mechanical models are pre-
sented and selected results are given to
illustrate the potential of the integrative
approach:

» A multi-scale model for wood developed
within the framework of continuum
micromechanics, which is able to pro-
vide clear wood properties as a function
of wood species, mass density, mois-
ture content, and other parameters
related to the wood microstructure.
This model serves as supplier of clear
wood properties for all subsequent
mechanical tools.



» A 3D Finite-Element model, comprising
fiber pattern and orthotropic plastic
material behavior, for determining the
influence of knots, knot groups and
other ‘defects’ on the mechanical
behavior of timber elements. This
information is subsequently used for
analyzing wood products.

» A 3D stochastic numerical tool to
describe mechanical as well as stochas-
tic processes and properties of wood
products, such as cross-laminated and
glued-laminated timber.

» A 3D Finite-Element model for analyzing
dowel connections with the goal to
obtain compliance functions depending
on connection geometry, loading situa-
tion and possible reinforcements.

Multi-scale model for wood

Wood is a natural material with a very
heterogeneous microstructure, therefore,
showing a highly anisotropic and variable
mechanical behavior. However, at suffi-
ciently small length scales, universal
constituents inherent in all wood species
and samples as well as universal building
principles can be identified [1]. These
elementary biochemical components are
cellulose, hemicelluloses, lignin and
extractives. Together, they form a cellu-
lose-fiber reinforced polymeric composite
that builds up several layers of the cell
walls of wood fibers running in stem
direction. Due to the hygroscopicity of
wood polymers also water is incorporated
in cell walls. The characteristic cellular
structure of wood is a result of an assem-
bly of hollow wood fibers, which are up to
several mm long. The annual ring struc-
ture, typical for temperate softwood and
visible to the naked eye, arises from a
gradual transition from thin-walled early-
wood cells to thick-walled latewood cells,
which is formed during one growth season.
In hardwood, additionally high amounts of
ray cells running in radial direction from
pith to bark and larger-sized fibers so-
called vessels are present. Characteristic
length scales of softwood are illustrated in
figure 2.

The composition of constituents, their
shape and distribution within a micro-het-
erogeneous material, as well as their me-
chanical properties and their interaction
between each other, govern the mechani-
cal properties at the macroscale. Hence,
micromechanical approaches aim at for-
mulating the relationship between mi-
crostructure and effective or so-called
macro-homogeneous mechanical proper-
ties at higher length scales. Doing this in

a repetitive manner, multi-scale models
representing the hierarchical micro-
structure of clear wood without growth
irregularities can be developed (figure 2).
At each length scale, so-called representa-
tive volume elements or repetitive unit cells
are suitably chosen to represent the actu-
ally diverse microstructure in a statistically
representative manner. As regards micro-
mechanical methods, continuum microme-
chanical approaches such as the Mori
Tanka method and the self-consistent
scheme are used in combination with the
Unit Cell method and laminate theory.

Figure 2:

Hierarchical microstructure
of softwood and its
representation in a
multi-scale
micromechanical model
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Since 2005, at the Institute for Mechanics
of Materials and Structures, micromechani-
cal models for elastic properties [2,3],
elastic limit stresses (as a measure for
strength) [4], hygro-expansion characteris-
tics [5], and viscoelastic properties [6] of
clear wood have been developed. These
models have been applied to different
wood species (softwood and hardwood) as
well as to deteriorated (fungal degradation)
and archaeological wood. In all these ap-
plications, comparisons with experimental
results at different length scales underline
the suitability and the predictive capability
of the developed models.

ewul ity

Figure 3:

Influence of mass density
on Young’s moduli

E,, Egr, Etand shear
moduli G, g, G, GrT

of spruce wood

(with respect to the
longitudinal (L), radial
(R), and tangential

(T) direction).

The great benefit of such a modeling strat-
egy, combining micromechanics with multi-
scale observations, is that macroscopic
variations in mechanical properties can be
related to microstructural fluctuations.
Consequently, microstructural characteris-
tics for a better prediction of mechanical
properties of clear wood can be identified.
Moreover, the anisotropic behavior of
wood requires a considerable effort for
experimental characterization of
material properties, which can be
overcome by using micromechanical
models in combination with mi-
crostructural characterization tech-
niques. Exemplarily, the model-
predicted influence of changing
mass density on orthotropic Young’s
moduli and shear moduli of spruce
wood are illustrated in figure 3.

This is for instance used as input to
numerical simulation tools for timber,

115 i o ]
s density pay (0fen?)
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for engineered wood products, and
for dowel connections in wood, presented
in the following sections.

Finite-Element model for timber elements
Continuing with the multi-scale strategy

as proposed for clear wood in the previous
section, at the next higher observation
scale, timber elements are considered.
Doing this, it becomes obvious that wood
is a naturally grown material, with inhomo-
geneities like knots and other growth-
induced ‘defects’. These cause fiber devi-
ations and, thus, significant stiffness and
strength reductions in their vicinities due

to the orthotropic material characteristics
of wood. This is the reason why timber is
typically subjected to grading processes,

in order to cut out sections, which contain
critical knots, and to categorize the remain-
ing logs. Various mechanical and visual
grading methods exist, where the influence
of knots on the effective bending strength
is roughly estimated either on experimen-
tally obtained stiffness values or through
surface information from optical measure-
ments (cameras or lasers). Both grading
techniques are not able to take the 3D
morphology of knots and the resulting

fiber deviations appropriately into account.
Moreover, no mechanically based predic-
tion about the influence of the knot volume,
arrangement and position on certain
effective strength values can be made.

Figure 4:

Section of the

3D Finite-Element model
for timber elements with
knots and normal stress
S11 in longitudinal
direction (leff),

and areas of
lateral-tension failure
(blue) in the vicinity of a
knot (right)

8, 411
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Figure 5:

Comparison of experimentally and numerically obtained
bending strengths of timber elements (left),

and failure modes around knots due to lateral tension (right)

mumerical bending strength [Nfmm?]
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For this purpose, a numerical simulation
tool based on the Finite-Element method
(figure 4) has been developed at the
IMWS, in recent years [7], which enables a
3D virtual reconstruction of timber ele-
ments, including all growth- and produc-
tion-induced ‘defects’. The tool is based
on a geometrical model, which allows for
the description of the 3D fiber course [8] in
the vicinity of knots, modeled as rotation-
ally symmetric cones. The elastic behavior
of the clear wood, with respect to principal
material directions, is obtained from the
micromechanical model presented in the
section before. In each integration point,
failure is described according to the or-
thotropic criterion of Tsai and Wu [9], and
strains are following an associated flow
rule in the plastic range.

Experimental observations have shown
that structural failure of timber is mainly
characterized by brittle failure modes (fig-
ure 5), which are initiated in areas where
lateral-tension stress states appear/domi-
nate. This is the case either around knots,
due to strong fiber deviations, or at capped
fibers at the surfaces of wooden boards.
Within the presented numerical tool, start
of structural failure is assessed, by analyz-
ing the stress states in the vicinity of each
knot. If the ‘plastified’ volume due to lat-
eral tension around a knot starts decreas-
ing, it is assumed that global stress
redistribution takes place and structural
failure occurs. The accuracy of this
approach is evaluated by means of
four-point bending tests, where 32
boards with different cross-sections
were loaded up to failure and manually
reconstructed for numerical analyses.

The comparison between the experimen-
tally and numerically obtained bending
strengths is shown in figure 5. Basically,
the bending strengths obtained with the
numerical simulation tool agree well with
the experimental results. Deviations arise




for beam samples with very high density
and/or when the main failure mechanism
is triggered by capped fibers in the tensile
zone. The consideration of these effects
within this simulation tool is a current
research focus at the IMWS.

Stochastic approach for wood products
Research on the mechanical behavior of
wood products (glued-laminated timber,
GLT, and cross-laminated timber, CLT)
has mainly been performed experimentally
so far. In general, comprehensive test
series were carried out and the results
were analyzed statistically in order to iden-
tify the relation between the distribution of
mechanical properties of the laminations
and corresponding characteristics of the
wood product. Following this approach,
only limited insight into the homogenization
effects in wood products is gained. In
particular, no separation of mechanical
and stochastic effects is possible.

In order to obtain enhanced insight, the
experimental approaches were comple-
mented by analytical or numerical investi-
gations. The former are mainly based on
application of stochastic concepts to mixed
parallel-serial systems. Previous numeri-
cal approaches mostly use the Finite-
Element method to study the internal load
transfer and apply a Monte Carlo approach
to capture the stochastic character of the
problem (see, for example [10]). The high
computational effort of such an stochastic
scheme allows a very small number of
stochastic variables only. Furthermore,

it does not indicate the sensitivity of
mechanically relevant parameters on the
stochastic result. For this reason, more
advanced stochastic methods need to be
investigated in terms of the applicability

to wood-based products [11].

In general, a Stochastic Finite-Element ap-
proach can be divided into three parts: (i)
the approximation of so-called realizations
of the considered stochastic variables with
a random process model, (i) the dis-
cretization of the random process/stochas-
tic field, and (iii) the implementation into a
Finite-Element Method where the mechan-
ical and stochastic problem is coupled.
Considering glued-laminated timber ele-
ments, the mass density distribution in lon-
gitudinal direction is modeled as a linear
random process, while for the distribution
of the elastic properties a discontinuous
model is used (figure 6(a)). The discontin-
uous random process is defined through
information from an optical scanning de-
vice (WoodEye) and effective stiffness

properties of different knot groups from
the Finite-Element method for timber ele-
ments, presented in the section before.
Various methods exist for the discretization
of the stochastic field. In figure 6(b) a
spatial discretization, in analogy to the
discretization of the mechanical problem,
and a discretization using a serial expan-
sion (Karhunen-Loéve) are exemplarily
shown for the elastic modulus in longitudi-
nal direction of a 4-layered GLT beam.
These discretization methods were imple- Figure 6:
mented into two different ‘closed’ Stochas- (a) Random process
tic Finite-Element formulations, (i) the models for property
perturbation method, where the stochastic fluctuations in longitudinal
system matrix and the response vector direction of wooden
are expressed as Taylor series expan- lamellas,
sions, and (ii) a spectral approach, where  (b) illustration of two
the stochastic part of the system matrix is different discretization
written as a sum of certain ‘basis func- methods of the stochastic
tions’. The application of these methods to | field of a 4-layered
a glue-laminated timber element has glued-laminated timber
shown that both methods are able to cap- element, and
ture important effects, such as lamination (c) influence of the
effects, and deliver appropriate effective number of laminations
stochastic information (figure 6(c)) [11], and the ‘raw’ material on
similar to the Monte-Carlo simulation, the coefficient of variation
but with a smaller computational effort. (COV) of the effective
This allows for a stochastic analysis of elastic modulus in
wood products with a high resolution of longitudinal direction of
the stochastic as well as mechanical a glued-laminated timber
conditions. element.
(a) .
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Finite-Element model for dowel
connections

Steel dowel connections are commonly
used in timber structures since they can
transfer and withstand very high loads
between structural members. Their
mechanical behavior is mainly based on

9 |iacm expressions 32/12



Figure 7:
Simulation of embedment tests

(left) with wood loaded in fiber direction (parallel to the x-direction)
through steel plates and steel dowel with corresponding strain fields

iacm expressions 32/12 I 10

(right) on the wood surface

the interaction between stiff steel dowels
and the wooden parts, which further de-
pends on the geometry of the connection
and the loading direction. Due to the
cylindrical shape of the dowels and the
anisotropic behavior of wood, the stress
and strain field in the wood around the
dowel is very heterogeneous and encom-
passes stresses perpendicular to the
loading direction and shear stresses in
addition to compressive stresses in loading
direction. Furthermore, due to stress
concentrations close to the dowel, non-
reversible deformations occur very local-
ized at higher load levels. As aresult, a
ductile overall behavior of the connection
is observed as long as splitting of wood
due to stresses perpendicular to the
grain is not decisive or prevented by
means of lateral reinforcement. Other
possible failure modes are related to
shear failure under a single dowel or a
dowel group (block-shear failure). In
case of slender dowels, the load bearing
capacity is additionally influenced by
material properties of the steel dowel

since plastic hinges may evolve before
ultimate failure. The consideration of the
compliant behavior of dowel connections
is of importance for the analysis of timber
structures, because it may strongly influ-
ence the redistribution of internal loads
and subsequently the global deformations
of timber structures.

In order to overcome current limitations
and simplifications of design equations

in standards, we aim at gaining increased
insight into the load transfer in dowel
connections. This will be the basis for
the prediction of ultimate loads of arbitrary
configurations of dowel connections with
consistent deformation characteristics.
Therefore, a numerical simulation tool for
dowel connections has been developed
[12]. It encompasses an anisotropic
elasto-plastic material model for wood,
which is based on micromechanical
predictions from the presented multi-
scale model for clear wood. To the clear
wood sections a Tsai-Wu failure criterion
with an associated plastic flow rule is
assigned. Through a contact model,

the compliant behavior at the interface
between the steel dowel and the wood
borehole surface in normal (non-linear
pressure-overclosure relationship) and
tangential (friction) direction, is taken into
account.

The numerical simulation tool was applied
to single-dowel connections as well as to
dowel embedment tests (figure 7) with
different configurations related to material
properties and geometry. Finite Element
calculations were compared to experimen-
tal data. This shows that the model is
particularly suitable for the study of the
deformations of connections up to the
serviceability limit, where the contact
behavior considerably influences the
deformation characteristics. Additionally,
strain fields in steel to wood embedment
tests were measured by means of a
Digital Image Correlation system and
used for a comparison with model
predictions.

Based on these findings, more complex
loading conditions and connection
configurations can be studied. A future
extension of the model concerns brittle
failure of connections due to tensile
stresses perpendicular to the grain or
shear stresses, where fracture mechanics
approaches will be applied.



Summary and conclusions

In this article, mechanical methods for
advanced timber engineering, aiming at
an improved understanding of the mechan-
ical processes from the material scale up
to structural applications, are presented.
At the clear wood scale, a continuum mi-
cromechanics based multi-scale model
gives access to microstructural-function
relationships, i.e. it links microstructural
characteristics such as mass density and
moisture content with effective clear wood
properties. This information is subse-
quently used in 3D numerical simulation
tools for timber and dowel connections.
The former allows for determining the
influence of knots on the effective stiffness
and strength of timber, while the latter
gives insight into the stress-/ and deforma-
tion states within dowel joints and can be
used to obtain global compliance functions
for different connection geometries.
Furthermore, the obtained effective
stiffness behavior of timber elements

with certain knot groups, together with
information about the knot distribution and
configuration within wooden boards from
optical scanning devices, serve as input to
stochastic Finite-Element approaches for
wood-based products. The combination
of a mechanical description, which is able
to adequately take stress transfer between
lamellas into account, with stochastic
approaches makes it possible to assess
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Figure 1:

Rigid propeller rotating

at a constant angular
velocity in a Newtonian
fluid in two-dimensions.
The Universal Mesh made
of equilateral triangles
(top-left) is deformed to
exactly mesh the domain
of the fluid for any angle
of the propeller (bottom).
Top-right: Snapshot of the
speed contours.
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Enubling High-Order Simulation of

Problems with Moving Domains

hat do crack propagation problems,

fluid-structure interaction problems,
phase-boundary evolution problems, and
shape optimization problems have in com-
mon? By the time you finished reading
the question the answer would have likely
popped in your mind: they are types of
problems motivated by important engi-
neering applications in which finding the
domain of the problem is part of the solu-
tion. These problems are more generally
known as free or moving boundary prob-
lems. If these do not feel challenging
enough, then try considering problems in
which the boundary of the domain itself
has some interesting dynamics. For ex-
ample, the in-plane turbulent motion of a
soap film induced by the surrounding air,
the swimming of small microorganisms in
which the thin vesicles that form their bod-
ies are currently modeled as two-dimen-
sional fluids with through-the-plane

bending stiffness [1], and the propagation
of a hydraulic fracture, in which the dy-
namics of the fracturing fluid on the crack
surface is often modeled with Reynolds’
lubrication equations [2].

It would not be an understatement to say
that this class of problems has fascinated
the computational mechanics community
for decades now. The fundamental issue
that needs to be addressed is, among
several others, how to approximate both
the domain and the solution as the do-
main evolves. It would be a mirage to
pretend that within this article we could
comprehensively review the universe of
proposed methods for this class of prob-
lems. Itis useful, however, to think about
them in terms of the order of approxima-
tion of the domain; after all, the domain
is part of the solution, so it should be
approximated with the same order as the




solution sought. For example, the so-
called level set method (which truly stands
for a variety of algorithms) is often applied
on structured meshes and the domain is
represented implicitly with a level set
function. In most methods this function is
piecewise affine, and this constrains the
approximation of the domain to be at
most second-order with the mesh size
(for example, in the Hausdorff distance).
Level set functions based on piecewise
higher-order polynomials or rational func-
tions are possible, but other complexities
often appear when constructing approxi-
mation schemes of the same order for
the solution. A similar remark applies to
most embedded or immersed boundary
methods, which either cut elements, as

in extended finite element methods, or
represent the boundary of the domain as
a collection of connected segments [3,4].
As a second example we mention fluid-
structure interaction methods based on
an Arbitrary Lagrangian-Eulerian (ALE)
description for the kinematics of the do-
main. In this context, approximations of
the evolving domain of any order are
possible. These methods are based on
deforming a mesh that is fixed to a refer-
ence domain. Such deformation is de-
scribed by a deformation mapping (or
diffeormorphism), and its image is the
deformed domain at each time instant.
The limitation of these methods is found
for some large deformations of the refer-
ence domain, such as in the propeller
example of Figure 1. In these situations
the deformed mesh can be highly sheared
or even entangled, similar to what is often
encountered when simulating solids under
very large shear deformations.

Universal Meshes

This scenario prompted us to rethink

the way to construct approximations to
problems with moving domains. In
particular, in a situation like the one in
Figure 1, in which a mesh needs to be
constructed for any possible position of
the propeller, we made the observation
that while the set of all elements inter-
secting the propeller at any single position
(Figure 1, top-left) does not exactly mesh
the domain, it is actually very close to
doing so. Hence we wondered: would it
be possible to simply deform such a set
of elements so as to exactly match the
domain? If we could do that for any
position of the propeller, then the mesh
on the background would be a Universal
Mesh for all the domains needed in the
problem.

It turns out that this idea is possible, so far
in two-dimensions and with meshes made
of triangles. The algorithm we proposed to
do so is illustrated in Figure 2 [5,6].

Figure 2:
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Sketch of the algorithm applied to a circular domain (in red)

Left: Elements with one node inside the domain are selected

(in light red). Then their boundary (in black) is projected onto the circle
with the closest point projection, and nodes in the interior of the circle

are relaxed away from the boundary

Right: A theorem guarantees that the resulting mesh for the circle
(in black) will have good quality elements. For comparison, the
original Universal Mesh is also shown in the background (in gray)

It consists of three steps:

(a) Loop over the elements in the mesh
and select all elements that have at least
one vertex inside the domain,

(b) project the boundary of the region
formed by the (closure) of all these ele-
ments onto the boundary of the domain
through the closest point projection, and
(c) relax some of the vertices near the
boundary away from it, for example but
not necessarily, along the direction normal
to the boundary.

A video explanation of how this algorithm
works can be found in [7], in which we
showcase the robustness and speed of
the algorithm through an interactive imple-
mentation in a tablet device. Given that
the algorithm is pretty simple, it is fair to
ask why it has not been proposed earlier
(a related idea can be found in [8])? Well,
a naive application of this idea on arbitrary
meshes, even Delaunay meshes, quickly
reveals that elements with bad aspect
ratios or inverted elements could easily
appear [5]. We analyzed under what
conditions on the Universal Mesh and the
domain it is possible to use the algorithm
above and obtain a mesh with a guaran-
teed lower bound on the element quality.
The result is expressed as a theorem [6],
and it essentially states that if (1) the do-
main is smooth (C*), (2) the size of each
element intersected by the boundary is
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small enough (with upper bounds that de-
pend on the local curvature or local fea-
ture size of the domain), and (3) some
angles of the element, or better perhaps
all angles in the mesh, are acute, then the
algorithm renders a good-quality mesh,
with the boundary of the mesh coinciding
exactly with the boundary of the domain.

S OSESE
SRR

Figure 3:
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step (a), and that by interpolating this map
we precisely