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Objectives

The International Journal of Computational Methods and
Experimental Measurements (CMEM) provides the scientific
community with a forum to present the interaction between the
complementary aspects of computational methods and experimental
measurements, and to stress the importance of their harmonious
development and integration.

The steady progress in the efficiency of computers and software has
resulted in the continuous development of computer simulation, which has
influenced all scientific and engineering activities. As these simulations
expand and improve, the need to validate them grows, and this can only be successfully achieved
by performing dedicated experimental tests. Furthermore, because of their continual development,
experimental techniques are becoming so complex and sophisticated that they need to be
controlled by computers, with the data obtained processed by means of computational methods.
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PREFACE

The main scope of this issue is to provide to the international technical and academic community
information about the latest developments on the interaction and the complementary aspects
of computational methods and experimental measurements. The main attention and relevance
being committed to their reciprocal and advantageous integration

It is recognised that the constant progresses in computers efficiency and numerical techniques
are producing a steady growth of computational simulations, which nowadays applies to an ever-
widening range of engineering problems. Nonetheless, even if these simulations are continuously
expanding and improving, there still exists the need for their validation, especially for the more
complex cases, which can be only accomplished by performing dedicated experimental tests.
Experimental techniques are becoming increasingly complex and sophisticated so that both
their running as well as data collection can only be performed by computers. Finally, it must
be emphasised that, for the majority of measurements, the data obtained must be processed
numerically.

This issue contains a substantial number of excellent scientific papers, which present several
advanced approaches to the application of Computational Methods and Experimental
Measurements.

The Editors
Alicante, Spain
2017
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COMBINED EXPERIMENTAL AND NUMERICAL
APPROACH TO MODEL, DESIGN AND OPTIMIZE
THERMAL PROCESSES

YOGESH JALURIA
Board of Governors Professor and Distinguished Professor, Mechanical Engineering Department,
Rutgers University Piscataway, New Jersey, USA.

ABSTRACT

This paper focuses on combined experimental and numerical approaches to model thermal pro-
cesses and obtain accurate results on system behaviour and performance. Interest lies in obtaining
repeatable and dependable inputs for choosing appropriate conditions and parameters for enhanc-
ing the efficiency and the desired output. These results can also form the basis for system design
and optimization. Several fundamental and practical problems are considered and typical results
presented to discuss the implications and applications of this methodology. Circumstances where
experimental data are used to validate the model, provide greater physical insight and define the
boundary conditions, thus allowing the numerical simulation to be carried out, are also presented.
Results from a concurrent, or parallel, simulation and experimentation approach are also presented
to indicate the usefulness of such a strategy. It is stressed that experimental data are indispensable in
obtaining accurate and realistic results for complex practical problems involving thermal transport
processes.

Keywords: combined approach, concurrent, experiment, inverse problem, numerical, thermal processes,
thermal systems

1 INTRODUCTION

Thermal systems and processes are of interest in a wide range of applications, from manufac-
turing and transportation to thermal management of electronics, environmental control, and
power generation. Because of the complexity of these systems, arising from material prop-
erty variations, complicated domains, combined transport mechanisms, turbulent flow and
other aspects, numerical modeling is needed to study, predict, design and optimize [1-3].
However, in many cases, experimental inputs are essential to completing the modeling effort
and a combined experimental-numerical approach is valuable in obtaining accurate and
dependable results. Experimental data are critical to the validation of the mathematical and
numerical model and to the establishment of the accuracy and predictability of the numerical
simulation. This is particularly important for complex transport processes that arise in most
practical thermal systems [4].

Experiments are also needed for the determination of material properties that are crucial to
any accurate simulation. In many important thermal processes, the boundary conditions are
not known or well defined. Numerical determination of the boundary conditions may also be
quite involved as is the case in conjugate problems. In such cases, experimental work can be
used to provide the appropriate boundary conditions that may be applied for the simulation.
An inverse problem must often be solved, using both the experimental data and the numerical
model, to obtain the appropriate boundary conditions and solve the problem. Also, there are
many problems in which experimentation is particularly suitable over given parametric
ranges, while numerical simulation is more appropriate over other regions. For instance, tur-
bulent flow and contact resistance are better treated experimentally than by analysis. Then, a

© 2018 WIT Press, www.witpress.com
ISSN: 2046-0546 (paper format), ISSN: 2046-0554 (online), http://www.witpress.com/journals
DOI: 10.2495/CMEM-V6-N4-625-634
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Figure 1. Examples of thermal systems: (a) Room with a fire; (b) Typical data center.

concurrent, parallel, experimental and numerical approach may be used to solve the problem
more efficiently and accurately.

Of particular interest in this paper are the following aspects of a combined numerical and
experimental approach:

Validation

Experimentally obtained boundary conditions
Solution of inverse problems with experimental inputs
Use of experimentation in model development
Concurrent simulation and experimentation

All these are important in obtaining an accurate, efficient and realistic modeling and simulation
of thermal processes and systems.

Figure 1 shows two common thermal systems in which experimentation and numerical
simulation may be used to provide the inputs for design and for understanding the basic
processes involved. The systems shown include a room with a fire, which has a stratified hot
upper layer generated in the room due to the fire plume and flow exchange through an opening,
and a typical data center, which involves electronic components, racks, servers and cooling
arrangements [5]. Because of the various complexities mentioned earlier, an accurate study of
the basic processes and of the system in these and other practical problems requires a strong
coupling between experimentation and numerical simulation.

2 VALIDATION

An extremely important consideration in the modeling and simulation of thermal processes and
systems is that of validation because of the simplifications used to treat various complexities. It
is necessary to ensure that the numerical code performs satisfactorily and that the model is an
accurate representation of the physical problem [6]. A consideration of the physical behavior
of the results obtained is used to ensure that the results and trends are physically reasonable.
Comparisons with available analytical and numerical results, particularly benchmark
solutions, can then be used for validation of the mathematical and numerical models.
Comparisons with experimental results are obviously desirable and it may become necessary
to develop an experimental arrangement for providing data for validation. Figure 2 shows the
validation of the mathematical and numerical model for the chemical vapor deposition (CVD)
system shown.
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Figure 2. Schematic of a vertical rotating disk reactor along with numerical and experimental
results on deposition rate.

The governing equations are the fluid flow and convective heat transfer equations with
variable properties, along with chemical reactions and species equations. These may be
given as:

Dp =
—+pV.V =0 1
ot P 1)
DV -
—— =F+Vr 2
P o (2)
DT

where p, C, k and 3 are the density, specific heat at constant pressure, thermal conductivity
and coeff|C|ent of volumetric expansion, \y the velocity vector, Q thermal energy source per
unit volume, T the temperature, t the time, p the pressure, and F body force per unit volume.
Also, D/Dtis the substantial or particle derivative, given in terms of the local derivatives in
the flow. The stress tensor z can be written in terms of the velocity if the fluid characteristics
are known, yielding Navier-Stokes equations for common Newtonian fluids like air and
water, often employed in cooling of electronic systems.

The species equations and chemical kinetics are given in terms of concentration w, diffusion
coefficient D, rate constant K and partial pressure p by

A(pu;@,) i (oD
X I ax

]
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where the last equation is for silicon deposition. Usually, the problem is a very complicated
one [7] and involves large number of chemical equations and species for the deposition of
materials like gallium nitride, which is case in this example [8]. The figure shows good agree-
ment between experimental and numerical results. Validation thus becomes critical for accurate and
dependable results in practical processes and systems.
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3 RESULTS AND DISCUSSION
A few results are presented to illustrate the application of combined experimental and numerical
simulation to address the various aspects mentioned earlier. Only a brief discussion is given
here and additional details may be obtained from the references given.

Experimentally obtained boundary conditions. In this case, the boundary condition is
obtained experimentally because of the complicated nature of the analysis needed to determine
it. Examples are the shape and dimensions of the dynamic meniscus in surface coating as the
material plunges into a liquid [9]. This meniscus is determined experimentally and is then
used as an input into the numerical model. Similarly, the temperature distribution at the surface
of a CVD susceptor, or wafer, such as in the system shown in Fig. 2, depends on the heat flux,
conduction heat transfer, convection at the surface, geometry, etc. It is more accurate and simpler
to measure it experimentally, as shown in Fig. 3 for a vertical impinging CVD reactor [10]. With
the measured temperature distribution provided as input to the numerical model, the results
on flow, thermal field and deposition rate may be obtained for various operating conditions and
design parameters. A few results are shown in Fig. 3 to indicate the dependence of deposition
rate on inlet velocity and on the inflow concentration of the reactants. Similarly, other results
may be obtained and the system can be optimized for high product quality at acceptable dep-
osition rates.

Solution of inverse problems with experimental inputs. There are circumstances where
experiment data can be obtained over only a limited region because of access, time or other
limitations. In such cases, numerical modeling and experimentation may be used together to
solve an inverse problem in order to define and quantify the boundary conditions and then
proceed to the numerical simulation of the complete problem [11,12]. An example of this

Figure 3. Measured susceptor temperature with no flow and no rotation (top left) and with 1
m/s inlet flow with rotation at 60 rpm (top right), along with calculated results on
deposition rate at 600 rpm.
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problem is given in Fig. 4, which shows a heated jet in cross-flow. If limited data taken down-
stream can be used to determine the location and conditions at the inlet, it would allow the
determination of, for example, a polluting source as well as the impact on the environment.
The temperature data obtained downstream in the flow is used to solve the inverse problem
to determine the inlet velocity and temperature of the jet. Figure 4(b) shows the improvement

Figure 4. Inverse problem to determine jet inlet temperature and velocity from experimental
data taken downstream. (a) Flow configuration; (b) Using experimental data to
determine inlet conditions; (c) Accuracy of prediction.
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in the determination as more data points are used. Step 1 refers to only one unknown, with
the other variable known, and step 2 refers to the case of both velocity and temperature as
unknown. Figure 4(c) shows a comparison between actual values and predicted ones from
the inverse solution. A good agreement is seen. This approach was also used for finite heat
sources in a channel and for determining the temperature distribution at the wall of a furnace
[13].

Use of experimentation in model development. This is a particularly important application
of the combined experiment and simulation approach. It is frequently used in practical thermal
systems for developing a valid, accurate and physically realistic model. Figure 5 shows an
example of this approach by considering a microchannel flow for heat removal from an
electronic chip. The experimental system is sketched in Fig. 5(a), indicating a heater and a
silicon block containing the microchannel. Several models were considered for simulating
the thermal processes involved [14]. These included microchannel flow with imposed
boundary conditions, microchannel with the heater and the entire system. The last two are
referred to as Model 11 and 11, respectively. The experimental results were compared with
the numerical results, as shown in Fig. 5(b). At high flow rates, both the models gave results
which were very close. But, at low flow rates, Model 11 did not perform satisfactorily, indi-
cating the need to model the entire system, as given by Model Il1I. Similarly, in other
applications, such as casting, models may be developed, going from simple models to fairly
elaborate models, and the experimental data may be used to choose the appropriate model
[15].

Another example is shown in Fig. 6, where the comparison between experimental and
computed results, for two different heat input conditions in the system sketched in Fig. 6(a),
are used to choose the appropriate boundary condition as adiabatic and thus develop a more
realistic model for the system shown.

Concurrent simulation and experimentation. In the solution of practical thermal convection
problems, it is often found that numerical simulation is particularly suitable over a certain
domain, whereas experimentation is more appropriate and accurate over other domains. Then,
the two could be used concurrently or in parallel to obtain a more efficient approach to solving
the problem.

Conventional engineering design and optimization are based on sequential use of computer
simulation and experiment, with the experiments generally being used for validation or for
providing selective inputs, as discussed earlier. However, the conventional methods fail to use

Figure 5. Sketch of a microchannel flow system for heat removal from an electronic chip and
the experimental-numerical results on the temperature.
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Figure 6. An experimental system for heat removal from two isolated heat sources that
approximate electronic devices and comparison between experimental and
numerical results to determine the correct boundary condition.

the advantages of using experiment and simulation concurrently in real time. Numerical
simulation can easily accommodate changes in geometry, dimensions and material, whereas
experiments can more conveniently study variations in the operating conditions such as
flow rate, imposed pressure and heat input. Also, laminar and stable flows can be simulated
conveniently and accurately, whereas transitional and turbulent flows are often more accurately
investigated experimentally. By using concurrent numerical simulation and experimentation,
the entire domain of interest can be studied for system design and optimization efficiently
and accurately. This is the main motivation for this approach.

A simple physical system, consisting of multiple isolated heat sources, which approximate
electronic components, located in a horizontal channel in a two-dimensional configuration,
with or without a vortex generator to enhance heat transfer, is considered. Figure 7(a) and (b)
shows the computed streamlines in the two cases. Numerical and experimental methods are
used concurrently to study a wide range of design variables and operating conditions. The
temperature and velocity distributions, the heat removal rates and pressure drop are calculated
for laminar flows, as well as the beginning of oscillatory flow. Experiments are used for
translational and turbulent flows. The first part of the simulation results deals with the deter-
mination of the critical flow conditions up to which numerical simulation can be used
satisfactorily.

Figure 7(c) and (d) shows the results for a wide range of conditions with and without a
vortex generator, respectively. The heat transfer from the first heat source facing the incoming
flow is plotted against the Reynolds number Re based on channel height. The results at small
values of Re, up to transition, are based on laminar flow calculations, whereas the results at
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Figure 7. Concurrent experimentation and numerical simulation. (a) Computed streamlines
for isolated heat sources in a channel; (b) Computed streamlines for isolated heat
sources in a channel with a vortex generator; (c) and (d) Numerical and experimental
results on heat transfer from the first source for (a) and (b).

larger Re are experimental ones shown with error bars. First, validation of the model is easily
established. The results, which cover a wide range of Re and other parameters, are obtained
efficiently by selectively using simulation and experimentation. Then the results are used for
design and optimization of the system to maximize the heat transfer while keeping the pressure
head within acceptable limits [16-18].

4 CONCLUSIONS

Experimentation is needed in various thermal processes and systems in order to provide the
inputs needed for accurately defining the boundary conditions, simplifying the modeling and
obtaining results over regions where simulation is inaccurate, inconvenient or inefficient. In
addition, experimental data are needed for the validation of the models used. This paper
presents various circumstances where the numerical simulation may be efficiently combined
with experimentation, and indeed driven by experimental data, to obtain accurate, valid and
realistic numerical predictions. Several examples of such problems are given and the difficulties
with specifying the boundary conditions as well as with simulating the entire domain for design
and optimization are outlined. Approaches for using experimental data driven simulation in
such cases are discussed and results are presented for some simple and complex problems. It
is shown that such approaches are critical to an accurate numerical simulation in many cases
of practical interest.
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AN ELASTIC-VISCO-PLASTIC DEFORMATION MODEL OF
Al-Li WITH APPLICATION TO FORGING

L. B. BORKOWSKI, J. A. SHARON, & A. STAROSELSKY
United Technologies Research Center, East Hartford, CT.

ABSTRACT

Recent alloy developments have produced a new generation of Al-Li alloys that provide not only
weight savings, but also many property benefits such as excellent corrosion resistance, good spectrum
fatigue crack growth performance, a good strength and toughness combination and compatibility with
standard manufacturing techniques. The forging of such alloys would lead to mechanical properties that
closely match the aircraft engine requirements including lower weight, improved performance and a
longer life. As a result, detailed analyses need to be performed to determine which material properties
are best suited for a specific structure and how to achieve the required mechanical and damage tolerant
properties during material processing.

We developed an integrated physics-based model for prediction of microstructure evolution and
material property prediction of third-generation Al-Li alloys. In order to develop such a model, an elas-
tic-plastic crystal plasticity model is developed and incorporated in finite element software (ANSYS).
The model accounts for microstructural evolution during non-isothermal, non-homogeneous deforma-
tion and is coupled with the damage kinetics. Our model bridges the gap between dislocation dynamics
and continuum mechanics scales.

Model parameters have been calibrated against lab tests including micropillar in-situ simple com-
pression tests of Al-Li alloy 2070. Numerical predictions are verified against the lab results including
stress—strain curves and crystallographic texture evolution.

Keywords: crystallographic texture, light weight alloys, material characterization, material processing,
micro-scale testing

1 INTRODUCTION

Aircraft weight is an important factor in fuel economy. Even a modest decrease in airplane
weight reduces the fuel consumption and hence, allows increase in the maximum flight
range, which in turn makes longer direct flights possible, avoiding extra take offs and land-
ings, increasing engine reliability, reducing maintenance cost, not mentioning the additional
fuel savings. As a rule-of-thumb, a 1% weight reduction in the gross weight of an empty
aircraft corresponds to 0.25%-0.75% reduction in fuel consumption [1, 2]. Our overall goal
is to achieve weight reductions possible through material swaps in aircraft engines.

The first component in a turbofan engine is a fan composed of fast rotating blades. Cur-
rently most of the blades of the fan are made of titanium. There is a drive to develop them
from lighter materials, such as aluminum alloys. The current design of large fan blades in
commercial turbines is generally too heavy and generates excessively high stresses on the
component and the surrounding structures. Weight reduction afforded by a switch to Al-Li
alloys would resolve both of these issues.

The fan blades are the subject of significant temperature variation, high inertia stresses and
a centripetal force through its root. Furthermore, these components must last for at least
10,000 flights, displaying sufficient flexibility and damage tolerance to non-interruptive oper-
ation under severe environmental, thermal, and the occasional dynamic (bird impact)
conditions. The development and characterization of forged Al-Li alloys are needed to ena-
ble the significant increase of engine reliability and reduced fuel consumption that would
come with their deployment in engines. Given the anisotropy in properties and the relative

© 2018 WIT Press, www.witpress.com
ISSN: 2046-0546 (paper format), ISSN: 2046-0554 (online), http://www.witpress.com/journals
DOI: 10.2495/CMEM-V6-N4-635-646
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immaturity of these alloys for turbine engine applications, much work still needs to be done
to build the capability to predict forged Al-Li structural properties as a result of the material
processing parameters.

Experience from the 1990°’s showed significant issues with Al-Li due to high planar aniso-
tropy, unusual crack paths, and lack of thermal stability. However, recently, there has been a
renewed interest in the new generation of Al-Li alloys that eliminated or lessened these
manufacturing concerns. This new interest is being driven by the challenge to meet signifi-
cantly higher performance requirements demanded by the next generation of developed
commercial aircraft engines [1-3]. High damage tolerance is particularly important for air-
frame structures and hence of primary interest to airframe manufacturers.

Predictive methodologies for Al-Li need to fully couple material processing parameters
(forging and heat treatment), forged part mechanical properties, and damage tolerance
required by turbine engine service conditions. The developed and implemented microstruc-
ture-based crystal plasticity computational framework allows predicting the effect of local
morphology on the mechanical behavior of the components. Such a model requires accurate
measurements of single crystal elastic—plastic properties as well as dislocation density distri-
butions and its incorporation in the part level polycrystalline model. Values of these model
parameters are estimated from calibration experiments (compression, tensile) for both single
crystal and polycrystalline specimens under a wide range of thermal mechanical conditions.
The constitutive equations are implemented in finite element software as a user routine [4, 5]
and used for the modelling of the microstructure and properties evolution during the forging
procedure and for the final part design optimization. The predictive accuracy of the model in
these domains is being quantified through validation testing.

2 CONSTITUTIVE MODEL
The overall polycrystalline plastic response is taken as a sum of responses of each of the many
single crystals that comprise the representative volume element (RVE). Material behavior is
modeled by FEM where each element quadrature point represents an RVE and where both com-
patibility and equilibrium are satisfied. The deformation of a crystal is taken as the combined
contributions from an overall elastic distortion of the lattice and plastic deformation.

The governing variables in the constitutive model are taken as: (1) Cauchy stress T, (2)
total deformation gradient, F and (3) plastic deformation gradient FP with detFP =1. Each
crystal slip system is specified by a unit normal ng to the slip plane, and a unit vector m;
denoting the slip direction. We define twelve octahedral {111}<110> slip systems to be oper-
ative. The elastic deformation gradient is defined by decomposition of the total deformation
gradient as follows: F=F°F" where detF® >0. F° describes the elastic distortion of the
lattice and gives rise to the stress T. For metallic materials the constitutive equation for the
second Piola—Kirchhoff stress tensor is taken as a linear relation

T*=C[E*-A-(0-0,)]; E*=4[FTF -1] @

where A is the second order thermal expansion tensor, C is the temperature-dependent aniso-
tropic elasticity tensor of the fourth rank, @ is the current temperature and @, is the reference
temperature. Deformation gradients, stress and strain tensors are second order tensors and
represented by (3 by 3) matrices.

The Cauchy stress tensor is calculated as follows:

1 prE ©®)
det(F°)
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The evolution equation for the viscoplastic deformation gradient is given by the flow rule:
FP = LPFP; where L°= Z 7S* and S“=m“®n" (4)

slip systems

The shear rate along each slip system y*, is given in terms of the resolved shear stress (RSS)
which is the projection of tensor T* on a slip system «( 7 =T":S*=T":(m; ®n;)=(T"n;)- m; o
slip system resistance and equilibrium back stress. Evolution of crystallographic texture is
explicitly defined by the elastic part of the deformation gradient.

m{=F*'mg; n{=F""n; (5)
Particular expression for shear rates is [4]:

o)

Sa

n
a

sgn(r" ) )exp(—k%j (6)

where 1% is the RSS, o is a back stress and S“is the deformation resistance of a-th slip sys-
tem. Arrhenius term allows accounting for the temperature changes. Next, latent hardening

o \P
evolution has been described by modifying Asaro rule s* =h, [1—5—*J Zh"”
S B

7°|, with
hardening matrix h*’ = {q + (1—q)5‘”ﬁ} for temperature dependent h, and s *. The back stress

N . c . .
has a limiting saturation value, o, = —*, corresponding to the end of the primary creep stage,
c

2
which evolves according to the following relationship [4-6]: ®“ =c¢,y* —c,

stress requires two additional coefficients, ¢, and c,, that are explicit functions of temperature.
It is important to note that hardening terms indirectly account for rafting process and micro-
structure evolution during the first stage of viscoplastic deformation. Results reported in this
paper have been obtained by using the hardening expressions shown above. We postulate that
dislocation generation rate is proportional to the entropy production. Using concepts from
chemical kinetics we have chosen to represent the evolution as two body interactions. We
assume that dislocation immobilization takes place when two corresponding dislocation loops
interact with each other [4, 7]. For the sake of simplicity, prediction of the texture evolution
during rolling operation was obtained with p; /po =1, which affects rate of relaxation but
does not affect texture evolution.

3 ELASTIC MODULI OF AA2070 FROM SINGLE CRYSTAL MICROPILLAR
COMPRESSION

3.1 Experimental

Single crystal data for AA2070 is sparse so micromechanical testing was employed to extract
single crystal properties from small scale test structures fabricated within the individual
grains of a polycrystalline billet. Specifically, micron size compression pillars were made
with focus ion beam (FIB) machining. Locally milling test structures within a single grain of
a polycrystalline coupon is an established methodology and has been successfully demon-
strated in Al by Ng et al. [8] and Kunz et al. [9]. The material employed for this investigation
came from a large polycrystalline H-beam forging of AA2070. The material was deformation
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processed then solutionized, quenched and aged. A small coupon approximately 25 mm x 25
mm X 5 mm was extracted from the artificially aged forging and then ground such that top
and bottom faces were parallel. This coupon was then mounted to a metal puck that served as
a holder for polishing as well as fixturing in a scanning electron microscope (SEM) and
nanoindenter. Once mounted, the sample was polished and then orientation mapped using
Quanta FEG 650 scanning electron microscope (SEM) (FEI; Hillsboro, OR) outfitted with a
NordlysNano Electron Backscatter Diffraction (EBSD) detector (Oxford Instruments; Con-
cord, MA). The orientation imaging microscopy with EBSD elucidated the crystallographic
orientation and location of large grains suitable for micropillar fabrication with a FIB. The
orientation mapping was performed at approximately 2,000X magnification with the electron
beam set at 30 keV and a spot size of 5. The electron backscatter diffraction patterns were
collected with 1 x 1 binning and step size of 0.5um.

A Helios Nanolab 600 dual beam microscope (FEI; Hillsboro, OR) was then employed to
machine microcompression pillars into the candidate grains with a 30 keV Ga FIB. The pillar
fabrication approach followed the two step annular milling method of Volkert [10]. The target
pillar geometry was a diameter of 1.5 um, a height of 4 um, and a taper of less than 2°, which
follows the guidelines of Zhang et al. [11] for accurate micro-compression experiments.

After fabrication, the pillars were tested using a G200 nanoindenter (Keysight Technolo-
gies; Santa Rosa CA\) outfitted with a flat diamond punch. To acquire load-deflection data for
determining modulus, a series of quasi-static load—unload compression steps were performed
to a total plastic strain not exceeding 10%. All experiments were conducted at room temper-
ature. Post compression SEM imaging was also performed.

3.2 Results

Figure 1 presents the orientation map for three different regions scanned on the AA2070. The
color corresponds to the out of plane crystallographic direction and the black line segments
denote boundaries for which the misorientation angle exceeds 1.5°. It can be seen that the
AA2070 is comprised of elongated grains. Large grains with widths on the order of 20 um
were selected for pillar fabrication as they are sizeable enough to accommodate the pillar
footprint. Grains denoted ‘A’, ‘B’ and *C’ were selected for pillar fabrication. The pillars were
milled in regions of the grain away from any boundaries. Next to each grain, a representative
pillar is displayed. Two pillars in grain A were tested. This grain has the [18 14 21] orienta-
tion. Two pillars were also tested from grain B which was of the [1 1 4] orientation. A single
pillar from grain C was tested. This pillar was of the [7 1 15] orientation.

Figure 2 presents a compilation of the compressive engineering stress-strain curves for
each tested pillar. The nanoindenter outputs load-displacement. To compute the strain, the
approach of Frick et al. [12] was followed with the displacement adjusted by the Sneddon
correction [13] to account for the elastic displacement of the base as well as any elastic
deformation of the tip. For this correction, the polycrystalline AA2070 properties were
taken to be elastic modulus, E = 77.1 GPa and a Poisson ratio, v = 0.31. As for the diamond
punch, E = 1050 GPa and v = 0.2 was assumed following the property specification of the
manufacturer (Micro Star Technologies; Huntsville TX).

Table 1 summaries the modulus measurements determined from the unloading curves of
the compression tests. Often the first, and sometimes the second, loading step resulted in a
low (~50-60 GPa) modulus. As some pillars did not have a perfectly flat top, this artifact is
assumed to stem from the indenter tip becoming fully seated on the pillar in the initial
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Figure 1: Out-of-plane orientation maps for three different regions (a), (b) and (c) of the
AA2070 coupon. Labelled grains were those selected for pillar fabrication and the
inset shows a representative pillar machined within that grain.

Figure 2: Compressive engineering stress—strain for (a) grian A, (b) grain B and (c) grain C.

compression cycle. These initially low modulus measurements were not considered in the
reported average elastic modulus measurement. In addition, some of the modulus measure-
ments from the latter compression cycles were discounted. For example, consider pillar 11
from grain A (Fig. 2a). The 5™ loading step, which has a peak stress of 300 MPa at 2.5%
strain, shows a deviation from the consistent behavior observed on the previous cycles and
the modulus from this cycle was 63 GPa which is a 22% drop compared to the previous

Table 1: Single crystal elastic modulus measurements from microcompression pillars

Avg. Modulus Modulus of pure
Grain  PillarID  (GPa) Std. Dev. (GPa)  Al* (GPa) Difference
A I 84.1 2.2 75.4 11.5%
A I 80.0 0.6 6%
B I 78.6 3.4 67.3 16.8%
B I 72.0 3.9 6.0%
C I 72.2 3.3 68.0 6.2%

*calculated from the stiffness/compliance constants of pure Al as reported in Smithells

Metals Handbook.
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cycles which returned a modulus value of 80.5 GPa. It is assumed that on this loading cycle
some change has occurred in loading alignment or pillar geometry. This as well as the subse-
quent cycles should be discounted from the average modulus.

Figure 3 highlights the state of the pillars after deformation. As the AA2070 is a
face-centered-cubic system, room temperature slip will occur on the 111-type planes in
the 110-directions. The 111-planes with respect to the pillar orientation are highlighted.
In Fig. 3(a), a few faint slip traces are discernable and they are aligned with the slip planes
orientated nearly along the axis of the pillar. For grain B (Fig. 3(b)), no slip traces were
readily evident however the increase in pillar diameter and decrease in height did match
the total plastic strain. Figure 3(c) highlights the deformation of the pillar in grain C and
the traces of slip on the 111-planes are clearly observed.

3.3 Discussion

From the measurement of several polycrystalline aluminum alloys containing various con-
centrations of lithium, Noble et al. [14] reports that as a general trend, modulus increases by
~6% for each wt.% of lithium present in the alloy. AA2070 contains from 1.0 to 1.4 wt.%
lithium thus compared to pure Al, the modulus should be 6 to 8.4% higher. This polycrystal-
line trend appears to translate to single crystals. The measurements of this work find the
modulus of AA2070 along single crystallographic directions is about 6% higher compared to
pure aluminum (see Table 1). Pillar I from Grain B was found to have an exceptionally high
modulus compared to the trend noted for the other pillars. It is speculated that this measure-
ment could be influenced by the reduced sample size. Micropillar compression has been
widely utilized to glean insights on the plasticity and deformation mechanisms in systems
with micron and submicron length scales [15, 16]. For this work it is the elastic behavior that
is of interest; nevertheless the reduced volume of the test specimen could impact the data.
AA2070 is a heat treatable system that garners strength from both solutes and precipitates.
Typically, the precipitates of aluminum alloys are reported to be stiffer than the matrix metal
[14] ranging from 90 to 175 GPa. If a pillar had a high volume fraction of stiff precipitates,
their presence could elevate the measured modulus. Additional analysis beyond the scope of
this paper is required to ascertain the exact influence of the precipitates. As a first step, follow
up experiments are being planned to serial section pillars to quantify the volume fraction of
precipitates. The presented tests and results aid in determining the single crystal stiffness
matrix C (Eq. 2) and single crystal yield parameters used in the constitutive model.

Figure 3: Representative secondary electron images of pillars after compression for (a) grain
A, (b) grain B and (c) grain C. Faint slip traces are denoted with arrows and the
corresponding 111-type slip plane is shown with respect to the compression axis.
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4 TEXTURE PREDICTION UNDER FORGING CONDITIONS

Multiscale, physics-based models can serve as valuable tools in coupling processing and
manufacturing operations to local material properties. This, in turn, allows such models to
support the tailoring of manufacturing processes and parameters to yield desirable structural
properties as a function of microstructural features such as crystallographic texture [17]. With
this goal in mind, the finite element-based crystal plasticity model presented in Section 2 was
called upon to simulate the forging process of an Al-Li H-beam. The H-beam forging is
approximately 1 m long by 0.25 m wide and contains regions of three different thicknesses
along its length (A: 2.54 cm, B: 5.08 cm, and C: 10.16 cm). The crystal plasticity simulation
utilizes calibrated parameters from the micro-, single crystal tests presented in Section 3 as
well as typical values for an FCC material at the forging temperature. The slip-related model
parameters used for the analyses presented in this section are the following: y, =
0.001 s, n=10, s;=16 MPa. Based on the observed constitutive behavior of Al-Li at the
forging temperature, ~450°C, hardening was not included in the model, therefore perfect
plasticity was assumed. The prescribed slip parameters govern the deformation on the 12
octahedral slip systems, {111}<110>, that are active in the FCC material. Researchers have
shown that additional, non-octahedral slip systems can be active in aluminum alloys at ele-
vated temperatures such as during hot rolling or forging [18, 19], however it has been
demonstrated that deformation on the non-octahedral slip systems contributes relatively little
to the final forging texture, even under triaxial forging scenarios [20].

The forging process begins with a cast ingot containing a collection of grains with no pref-
erential orientation (i.e., randomly oriented). For the forging simulation, the initial, random
microstructure is applied to a cuboid FEM mesh of 125 fully-integrated elements. Therefore
the model contains 1000 integration points onto which 1000 grains with orientations sampled
from a random distribution were mapped. For each integration point (i.e., grain) in the FEM
mesh, the crystal plasticity model described in Section 2 is called via a usermat subroutine by
ANSYS in order to solve for the deformation on each of the 12 octahedral slip systems. The
aggregate of the contributions of each of the slip systems within each integration point pro-
duces the macroscale constitutive behavior observed in the material stress-strain curves.
Based on the local deformation at the integration points, the corresponding grain will experi-
ence lattice rotation, thereby evolving the texture of the material as a whole.

Rolling and forging processes are typically simulated using plane strain compression
boundary conditions based on the constraints applied to the material preform during its forma-
tion into the final shape. Plane strain compression of the FEM microstructure containing 1000
randomly oriented grains results in the typical Copper-type texture presented in Fig. 4. Simi-
larly, the pole figure corresponding to a location along the mid-thickness and mid-width of the

Figure 4: Copper-type texture resulting from plane strain compression of Al-Li microstructure.
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10.16 cm H-beam section is presented in Fig. 5. Comparing Figs 4 and 5, one can observe that
some of the texture components are predicted correctly by the plane strain compression simu-
lation, while others are missed entirely. Although plane strain boundary conditions are
sufficient to simulate simple rolling or forging processes, it is evident from this comparison
that other mechanisms are contributing to a more complicated texture profile in the case of the
forged H-beam. In particular, as annotated in Fig. 5, an unusually high intensity of the Goss
texture component is evident in the experimental pole figure. In addition, the pole figure in
Fig. 5 appears rotated; however, this may be a result of specimen placement in the
microscope.

Traditionally, the Goss texture component is associated with recrystallization. Therefore a
detailed investigation was carried out on the EBSD data to determine if the presence of sub-
stantial recrystallization is responsible for the observed high-intensity Goss texture. A grain
orientation spread (GOS) analysis was conducted on EBSD data taken from the 10.16 cm
region of the H-beam. The GOS value represents an average deviation of the orientation of
each point in the grain with respect to the average grain orientation. Using this approach,
grains with low GOS values (e.g., <2°) can be considered recrystallized, while grains with
higher values (e.g. >5°) are determined to be deformed. The results of this analysis are shown
in Fig. 6. By separating the deformed grains with GOS values >5° from the recrystallized
grains with values <2°, it is possible to visualize the extent and location of recrystallization in
this particular microstructure. As is evident from Fig. 6, the area fraction of recrystallized
grains is small (4.30%) compared to the area fraction of deformed grains (70.63%). From
these results, it is clear that recrystallization cannot be the primary contributor to the high-in-
tensity Goss texture. Based on the observation that the high-intensity Goss texture can be
attributed to the deformed grains, further analysis is needed to determine the specific grains
responsible for this texture. Separating the grains primarily responsible for the Goss, Brass
(Bs) and Copper (Cu) texture components, we can easily observe from Fig. 7 that very long,
clearly deformed grains have a Goss texture. In order to accurately predict the microstructural
texture of the forged H-beam, it is therefore imperative to determine the source of the defor-
mation-related Goss texture.

Biaxial and triaxial forging of FCC materials at elevated temperatures has been shown to
alter the area fractions of various texture components [20]. For example, compression along
the ST and LT directions increase the relative number of grains with the Goss orientation. It
is with this knowledge that further details regarding the forging process were pursued.
Although specific details of the forging operation are proprietary, we were able to deduce the
general steps involved in producing the H-beam. These steps, beginning with a cast ingot,

Figure 5: H-beam forging texture in Region C (10.16 cm thickness) — pole figure with regions
of high Goss texture intensity highlighted.
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Figure 6: GOS analysis results for EBSD Figure 7: Grains in EBSD image
scan of H-beam forging. separated by texture components.

include: (1) A upset, (2) B upset, (3) draw and step preform and (4) closed-die forge H-beam.
These forging steps are followed by heat treatment and aging. The three steps responsible for
producing the texture observed in the experimental micrographs are illustrated in Fig. 8. In
order to simulate these forging steps, a three step simulation approach was utilized where the
final texture from each step was applied as the initial texture of the following step, beginning
with a random texture to represent the cast ingot microstructure.

Steps 1 and 2 (AB upset) were simulated as simple compression deformation, while Step
3 was approximated as plane strain compression due to the rolling/drawing-like deformation
behavior. It should be noted that the A and B upsets include compression in the LT and ST
directions, respectively. These two steps, in particular the A upset, intensify the Goss texture.
This is in agreement with the findings of Ref. [20].

The three-step forging process was simulated using the calibrated crystal plasticity FEM
model and a comparison between the simulated and forged textures is presented in Fig. 9.
One can observe that all of the major texture components are represented in the pole figure of
the simulated microstructure. In addition, the rotation of the pole figure is accurately pre-
dicted. It was initially assumed that the rotation observed in the experimental pole figure was
a result of specimen rotation prior to EBSD imaging. However, by predicting the pole figure
rotation, the simulation was able to provide otherwise-hidden insight into the deformation

Figure 8: H-beam forging steps prior to closed-die forging into final shape.
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Figure 9: Pole figures of forged and simulated microstructures.

Figure 10: Texture components of forged and simulated microstructures.

behavior occurring during sequential forging operations. Analyzing the texture component
area fractions, as presented in Fig. 10, allows additional quantification of the simulated forg-
ing operation. The area fractions of the Goss, Copper, S, Brass and Cube texture components
are plotted due to their prevalence in rolled and forged FCC materials. The normalized area
fraction of the Goss, S, and cube texture components are accurately predicted; however, the
copper and brass components are over- and under-predicted, respectively. Since access to the
exact strains imparted on the preform during each of the three steps is restricted due to their
proprietary nature, the texture component area fractions of the simulated microstructure rep-
resent the forged microstructure accurately given the available information.

5 CONCLUSIONS
The goal of the developed model and forging simulation framework was to provide a tool to
accurately predict the crystallographic texture of an H-beam forging. Based on experimental
analysis of the EBSD data using pole figures, GOS analysis, and quantification of texture
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component volume fraction, it was determined that typical methods of simulating rolling or
forging operations were insufficient to produce the observed forged texture. Considering pre-
vious effort in texture analysis of multi-axial forging operations provided guidance for
accurately determining the sequential forging steps involved in producing the H-beam. These
inferred steps were then verified with conversations with the forging company. In order to
model the forging process, elastic properties were calibrated using micropillar tests on single
crystals within the polycrystalline microstructure. These tests yielded crucial model parame-
ters that are difficult to obtain from macroscale tests. Simulating the three-step forging
process that precedes the final closed-die forging of the H-beam, we were able to accurately
replicate the pole figure for material in the mid-width, mid-thickness location of the 10.16 cm
section. Quantitative analysis of the texture component area fractions provided further vali-
dation of the developed procedure however exact replication of the area fractions was not
possible since we lacked the necessary (proprietary) details of each forging step. Regardless,
the developed model was demonstrated capable of accurately predicting the microstructural
evolution and final texture of the H-beam, thereby satisfying a primary goal of this effort. The
ability to accurately predict texture evolution during complex manufacturing processes
including rolling, forging, and drawing permits the tailoring of microstructures in order to
optimize directional material properties such as yield. Since one of the drawbacks of Al-Li
alloys is its yield and strength anisotropy, models such as the one presented in this work can
be called upon to mitigate this drawback and provide a tool to design manufacturing pro-
cesses to yield more desirable material properties. This tool can therefore facilitate the design
of Al-Li structures with directional strength properties tailored to specific load scenarios
similar to how composite structures are designed.
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ABSTRACT

The properties of light alloy castings are strongly affected by their inclusion content, particularly dou-
ble oxide film defects (bifilms), which not only decrease the tensile and fatigue properties, but also
increase their scatter. Recent research has suggested that oxide film defects may alter with time, as
the air inside the bifilm would react with the surrounding melt, while the hydrogen dissolved in the
melt could diffuse into the bifilm cavity to form hydrogen porosity. The mechanical properties of the
casting were shown to be significantly dependent upon the new morphology of its entrained bifilms.
In this work, the Weibull moduli of the tensile properties of three Al castings, all expected to contain
oxide films of, approximately, the same amount were compared. The first casting was poured into a
resin-bonded sand mould while the second and third castings were poured into ceramic moulds with
the mould for the third casting being preheated prior to pouring. The results of mechanical property
analysis and electron microscopy examination suggested a considerable influence of the type of the
mould and the solidification time on the morphology of bifilms and by implication, on the reliability
and reproducibility of the tensile properties.

Keywords: bifilms, castings, mechanical properties, oxide film defects

1 INTRODUCTION
During the casting of aluminium alloys, the melt surface is exposed to air, which results in
the formation of a surface oxide film. As a result of surface disturbance, such as during metal
transfer and pouring, the oxidised melt surface can be folded over onto itself and trap a layer
of the mould atmosphere, creating a bifilm defect [1, 2]. This defect can be incorporated into
the bulk liquid by entrainment.

Double oxide film defects lower mechanical properties, but also lead to variable mechani-
cal properties, contributing to the scatter of properties associated with shape castings [2, 3].
Apart from their effect on mechanical properties, double oxide film defects have also been
held to contribute to the formation of other defects, such as hydrogen porosity and interme-
tallic phases [2]. Their effect on the mechanical properties of the final casting depends upon
several factors, such as their initial size, subsequent changes in size and volume due to melt
conditions such as velocity and bulk turbulence, solidification time and hydrogen content of
the melt.

Once a double oxide film defect has become incorporated into the melt, it would be
expected to contain an atmosphere that would be predominantly air, which would be expected
to react with the surrounding liquid metal. It was suggested by Nyahumwa et al. [4], Raisza-
deh and Griffiths [5], EI-Sayed et al. [6, 7] and Griffiths et al. [8, 9] that the internal atmosphere
of bifilms would react with the surrounding liquid Al, forming different Al oxides and AIN,
and therefore was gradually consumed over time. Also, hydrogen was found to diffuse into
the bifilm as the melt was kept longer in the liquid state. The consumption of the bifilm inte-
rior atmosphere as well as the H ingress into the defect was suggested by EI-Sayed et al. to
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result in an alteration of the shape and size of the bifilm with a direct effect on the mechanical
properties of the casting [11, 12]. This change in morphology with time suggested that the
defect could perhaps become less detrimental to mechanical properties.

The aim of this work was to study the effect of the type of the mould and the solidification
time of the casting on entrained double oxide films, and the corresponding change in mechan-
ical properties of aluminium alloy castings. Understanding these issues could lead to the
development of techniques by which the effect of double oxide film defects in aluminium
castings might be reduced or eliminated.

2 EXPERIMENTAL WORK

Three casting experiments were carried out to obtain tensile test bars with approxi-
mately similar bifilm content but with different bifilm ages and/or H content. In each
experiment, two top-pouring moulds with a rectangular mould cavity of 120 x 100 x
20 mm, each producing 10 test bars, were used. In the first experiment, in which
castings with relatively high H content were expected, resin bonded sand moulds
were prepared one day before the casting experiment. In the second experiment, two
ceramic shell moulds were produced via investment casting technique. The moulds
were then dried prior to pouring, which was carried out while the moulds were at
room temperature. The third experiment was exactly same as the second one except
that the ceramic moulds were preheated to 800°C prior to pouring. Ceramic moulds
were used in the second and third experiments instead of sand moulds to prevent the solidi-
fying casting from picking up H from the solvent of the resin used as a binder for the sand
moulds.

In each experiment, about 7 kg of 2L99 alloy (Al-7Si—-0.3Mg) was melted in an induction
furnace and then was held at 800°C under a vacuum of about 80 mbar for one hour, a
procedure intended partially degas the molten metal [12] as well as to remove most, or all,
previously introduced oxide films from the melt. The liquid metal was then poured from a
height of about 1 meter into sand/ceramic moulds, which was expected to be sufficient for
the creation and entrainment of new double oxide film defects, and their introduction into
the melt.

For each experiment, two Leco samples for solid-state H determination were taken; one
from the melt after vacuum treatment and before pouring, and the second sample was taken
from the running bar of the castings. Both samples were analyzed to determine the hydrogen
content of the castings. After solidification, each of the castings was machined into 10 tensile
test bars with a gauge length of 90 mm and of a rectangular cross-section in the gauge length
of 10 x 7 mm. They were pulled to fracture using a tensile testing machine model MTS 810,
with a strain rate of 1 mm min-L. Tensile results were evaluated using a Weibull statistical
analysis approach to assess the influence of the different casting conditions on the variability
of the mechanical properties of the castings. Finally, SEM with EDX analysis was used to
investigate the fracture surfaces of the test bars.

For each of the three experiments, an extra mould was cast to measure the solidification
time of the casting in each experiment. In each experiment a type K-Inconel-sheathed ther-
mocouples (of 1 mm diameter and 500 mm length and with a maximum allowable temperature
of 1100°C) was inserted into the mould cavity. The thermocouples were connected to a data
logger, which was used to record the change of temperature at the thermocouple tip with time
at a rate of 1 Hz. For each casting, the temperature recording was terminated when the casting
temperature reached 610°C, the liquidus temperature of the alloy.
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3 RESULTS AND DISCUSSION

This solidification time measurement experiment was carried out to determine the time taken
for the aluminium castings poured into the ceramic and the sand moulds to solidify after
casting. It was found that the solicitation times of the castings poured into the sand mould
(experiment 1) and un-preheated ceramic mould (experiment 2) were about 5 and 10 seconds,
respectively. However, in the third experiment, where the liquid Al was decanted into a pre-
heated ceramic mould, the melt had taken about 230 seconds to reach the liquidus temperature
(about 610°C). Such significant difference in the solidification times would be due to the
mould preheating prior to pouring. This could be helpful in determining more accurately the
age of a double oxide film, or the time spent by the defect in the liquid metal before
freezing.

The two-parameter Weibull distribution was used to analyze the scatter in the mechanical
properties of the Al-5Mg alloy castings produced under different casting conditions, as it was
suggested to be more appropriate than a normal distribution [13, 14]. The Weibull modulus
(the slope of the line fitted to the log-log Weibull cumulative distribution data) is a single
value that shows the spread of properties; a higher Weibull modulus reveals less variability
among the studied property.

Weibull plots of the UTS and % elongation of the test bars cut from the castings from the
three experiments are shown in Figs 1 and 2, respectively. The values of the correlation coef-
ficients (R?) suggested that the data points expressing both the UTS and % elongation values
were linearly distributed. It was noted that for both the UTS and % elongation, the Weibull
moduli (the slope of the trend line) of the castings from experiment 3, where a preheated
ceramic mould was used, were the highest among all castings.

Figure 1: Weibull distribution of ultimate tensile strength of Al-7Si—0.3Mg alloy specimens
from different experiments.
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Figure 2: Weibull distribution of % elongation of Al-7Si-0.3Mg alloy specimens from
different experiments.

Table 1 shows the results of the Weibull analysis of both of the UTS and percentage elon-
gation values obtained from the different experiments, together with the position parameter
and the results of H measurements from different experiments.

The H content of the Leco sample, taken from the melt before pouring, was 0.131 cm®/100g
Al. From the results presented in Table 1 It was found that, the H content of the solidified
casting poured into the sand mould (experiment 1) was measured to be 0.235 cm?®/100g Al
almost twice the H content of the liquid casting, probably due to H pick-up from the res-
in-bonded sand moulds. However, the castings poured into ceramic moulds had H content of
0.139 and 0.152 cm?3/100g, respectively for experiments 2 and 3. In the second experiment
(when the melt was poured into an un-preheated ceramic mould), the H content was almost
the same as that of the melt before pouring, which was expected to be due to the almost

Table 1: Results of the H measurement and Weibull analysis for the test bars of the castings
from different experiments.

Casting Conditions H Content of UTS (MPa) % Elongation
Solidified
Exp. Mould Casting Weibull Position ~ Weibull Position
No. Material Preheating (cm®100g Al) Modulus Parameter Modulus Parameter
1 Sand No 0.235 6.6 118.9 4.7 4.4
2 Ceramic No 0.139 10.0 129.0 75 6.6

3 Ceramic Yes 0.152 31.3 149.4 12.3 8.3
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instantaneous solidification. In the third experiment (when the melt was poured into a pre-
heated ceramic mould) the H content was slightly higher, perhaps due to the H pick-up by the
casting from the surrounding atmosphere during solidification (which took about 4 minutes).

Oxide film defects were found on all the fracture surfaces of test bars investigated from
both experiments 1 and 2. Figures 3(a) and (b) show examples of SEM images of oxide films
found on the fracture surfaces of test bars from experiments 1 and 2 respectively. The corre-
sponding EDX analysis suggested the presence of MgAl, O, spinel on the surfaces. However,
the size of oxide film in the specimen from experiment 1 was relatively larger than that in
experiment 2. The oxide film in Fig. 3(a) is about 1.5 x 0.5 mm, while that in Fig. 3(b) is
about 0.3 x 0.3 mm), perhaps due to the larger H content of the formers.

Figure 3: (a), (b) and (c) SEM images and corresponding EDX analysis of bifilms found at
the fracture surfaces of test bars from experiments 1, 2 and 3, respectively.
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Figure 3(c) shows an SEM image of a pore found on the fracture surfaces of a specimen
from 2L.99 alloy casting that was poured into preheated a ceramic mould and took about four
minutes to solidify (experiment 3). Oxide films detected in this experiment were always
found covering or trapped within the dendrites inside the pores. The EDX analysis suggested
the existence of spinel, indicated by the Mg peak.

No other oxide films were found on the fracture surfaces of the test bars from all castings
from experiment 3. The SEM images of the pores on the fracture surfaces of specimens from
this experiment showed oxide layers with different forms inside these pores. The EDX anal-
ysis of these oxides indicated the presence of MgAl,O,, indicating that the origins of the
pores were primarily oxide film defects that might have been changed their shapes and sizes
during the solidification time to form pores. This might suggest a role of the time spent by the
casting in the liquid state before solidification in eliminating bifilms in Al castings, or at least
altering their morphology.

It has been suggested by Campbell [2] that, after entrainment and due to internal turbulence
in the bulk liquid, the entrained film might become compacted in a convoluted form. After-
wards, and during solidification the bifilm might unfurl and its shape might then be changed
to a planar crack or a pore. In addition, the results by Griffiths and Raiszadeh [15] and El-Sayed
and Griffiths [12] suggested that both the solidification time of the casting and the H content
of the melt can play a role in controlling the variability of the mechanical properties of
Al castings.

In this experiment the tensile properties of three sets of 2L99 alloy castings with different
H contents and/or solidification times were compared. The H content of the melt before pour-
ing was 0.131 cm®/100 g Al. The castings from experiments 1 and 2, which were solidified
almost instantaneously, had practically not allowed any time during solidification for the
unfurling mechanism to take place and therefore the main difference between the two cast-
ings was the mould material. For the castings from experiment 1, poured into sand moulds
made one day before the experiment, the high temperature during pouring would probably
cause the solvent (of the resin bonding the sand grains) to evaporate and release hydrogen,
which was absorbed by the liquid metal. This had significantly increased the H content of the
solidified casting to 0.235 cm®/100 g. In contrast, for the casting poured into un-preheated,
but dried, ceramic mould did not cause such H pick up from mould walls which caused the H
content of the solidified casting to be much lower 0.139 cm?3/100 g Al, almost the same as the
melt before pouring.

Dispinar and Campbell [16-19] suggested that hydrogen in excess of the solubility limit of
the Al melt might diffuse into the bifilm gap to form H porosity in the Al castings. The same
conclusion was reached by Raiszadeh and Griffiths [5].

Double oxide film defects should have been present in both castings from experiments 1
and 2 because of the poor running system design that was deliberately used, as was shown by
the SEM investigation of the fracture surfaces, shown in Figs 3(a) and (b), respectively. How-
ever, the relatively lower H content of the casting in experiment 2 would have significantly
reduced the amount of H diffused into the bifilms, decreasing their sizes and therefore
enhancing the quality and reproducibility of the mechanical properties of the casting. Com-
pared to experiment 1, the casting from experiment 2 had the Weibull moduli of the UTS and
% elongation improved by about 52% and 60%, respectively, and the position parameters of
both properties to increase by about 8% and 50%, respectively.

When the melt was poured into a preheated ceramic mould, the H content of the final cast-
ing was 0.152 cm®/100g Al. The slight increase in the H content, compared to experiment 2,
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could be perhaps due to the H pick-up by the casting from the surrounding atmosphere during
solidification (which took about 4 minutes). The SEM investigation of the fracture surfaces of
specimens from this experiment did not detect any oxide films lying on the surfaces. Instead, all
of the oxide films were found within pores, as was confirmed by the EDX analysis that detected
the presence of spinel inside pores, as shown in Fig. 3 (c). Also, the sizes of oxide films were
significantly smaller than those in experiment 2, despite the nearly similar H contents of both
castings. Finally, there was a noticeable improvement in the mechanical properties. Compared
to experiment 2, the casting from experiment 3 had the Weibull moduli of the UTS and % elon-
gation to improve by about 213% and 64%, respectively, and the position parameters of both
properties to increase by about 16% and 26%, respectively.

El-Sayed et al. [11] had suggested that during solidification the bifilms experienced two
competing mechanisms. The first mechanism is the consumption of air inside the bifilms, and
the other mechanism is the diffusion of H into the defects. Both mechanisms were expected
to influence the morphology of the bifilm defects and by implication their effect on the
mechanical properties of the casting. The solidification times of the castings in experiments
2 and 3 were about 10 second and 230 seconds respectively. Therefore, it could be suggested
that during solidification of the casting in the preheated ceramic mould (experiment 3) some
morphological changes occurred to the double oxide film defects. This could be perhaps due
to the consumption of their interior atmospheres while a little amount of H was picked-up
from the ceramic mould and/or the surrounding atmosphere (causing it to slightly increased
from 0.131 to 0.152 cm3/100 g Al), which might have caused them to be less harmful to the
mechanical properties.

To summarize, the Weibull analysis of the tensile properties of 2L99 casting specimens
from different experiments, containing double oxide film defects with different ages (time
taken during solidification) and/or H contents suggested the occurrence of two competing
mechanisms that controlled the mechanical properties. The consumption of air inside the
bifilms due to reaction with the surrounding molten metal may lead to improvements in
mechanical properties, but this may be accompanied by hydrogen passing into the bifilms,
which would have a deleterious effect on properties. Also, the melt was found to pick H from
either the walls of sand moulds and surrounding air during solidification.

Therefore, if the H content of the melt could be decreased (by degassing) prior to pouring
into a ceramic mould and then the filled mould could be held in a furnace with a dry atmosphere
that contains the minimum possible water vapour content, this would allow a casting producer
to benefit from the holding treatment in reducing the bifilm atmospheres (by reactions with the
surrounding melt), while preventing the formation of H porosity. This would decrease the size
of bifilm defects and in turn lead to castings with higher and more reproducible mechanical
properties.

4 CONCLUSIONS

1. Oxide film defects were detected on all the fracture surfaces of the test bars from differ-
ent experiments either lying on all the surfaces or inside pores, which demonstrated a
role for such defects in influencing the failure of Al castings.

2. Increasing the H content of a 2L.99 casting from 0.139 to 0.235 cm?3/100 g Al increased
the amount of H diffused into the bifilms, increasing their sizes and caused the Weibull
moduli of both the UTS % elongation to decrease by about 35%.

3. Preheating of a ceramic mould to 800°C increases the solidification time of the casting
which might allow the interior atmosphere of its entrained bifilms to react with the
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surrounding melt, reducing their sizes and accordingly their harmful effect on mechanical
properties.

Not only the amount and age of oxide film defects but also the H content of the melt can
determine the reliability and the reproducibility of the mechanical properties of Al alloy
castings.
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ABSTRACT

In drive systems and component technology a high reliability is very important for machines. Machine
element dimensions are calculated for reliability. The properties for these elements are based on con-
ventional manufacturing techniques. VVery high stresses are applied on bearings in their operating time.
To improve the endurance life, residual stresses can be induced into the subsurface zone. In contrast
to a conventional grinding process, the mechanical surface modification process deep rolling is able to
induce very high compressive residual stresses. A computational approach was developed to establish
an appropriate residual stress depth profile matching the applied loads. Thus, the costs of manufacturing
can be chosen in accordance to the required properties. The method to determine the residual stresses
is based on an iterative reverse calculation of an existing bearing fatigue life model of loannides et al.
The model originates from the approach of Lundberg and Palmgren (1947) including a stress fatigue
limit 7. For the term 7, the fatigue criterion of Dang-Van is applied. The equation accounts for the
maximum orthogonal shear stress and the local hydrostatic pressure Phyg: corrected for residual and
hoop stress. The inputs into the computational model are the stresses on' the surface, which are simu-
lated based on the load and geometry of the contact between roller and bearing surface. As an output
the required residual stress profile underneath the bearings raceway is given to achieve a bearing fatigue
life as required for the given application. In order to verify the model, the bearing fatigue life was
experimentally determined for a given residual stress profile by experiments.

Keywords: bearing fatigue life, inverse computational model, residual stresses.

1 INTRODUCTION

Roller bearings are typically made of 100Cr6 bearing steel (German standard corresponding
to AISI52100). The investigated bearings of type NU206 have cylindrical rolling elements
(rollers), which are held by a polyamide cage, Fig. 1 shows the bearing’s components. In roller
bearings, the contact between raceway and rolling elements is exposed to cyclic load due to the
rotational motion. Alternating stresses are induced in varying depths beneath the surface of the
contacting partners. The depth of the highest load induced stresses can be calculated according
to the Hertzian contact theory including the approaches of Karas [1] and Foppl [2]. The normal
loads onto the surface cause changes of the microstructure and may trigger crack formation
beneath the surface of the raceways in the depth of highest load induced stresses.

According to Voskamp, bearing fatigue life for roller bearings can be separated into three
phases [3]:

e The first phase, the so-called shakedown-phase. Within the first 1000 revolutions plastic
micro deformation occurs on the raceway. These deformations lead to work-hardening of
the material and a resulting decrease of the retained austenite in the martensitic matrix and
a moderate change in compressive residual stresses. The influence depends on the level
of the load.

e The second phase, the steady state phase, features no plastic deformations and no changes
of the microstructure. The duration of the stationary phase depends on the applied stresses.

© 2018 WIT Press, www.witpress.com
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Figure 1: Components of the roller bearing.

For loads above the so-called ‘Shakedown Limit’ the third phase starts immediately,
whereas for very low loads the bearing remains in the second phase forever and no failure
due to fatigue takes place.

e Thethird phase, the instability phase. The inner boundary layers, conditioned in the shake-
down phase, lose the ability to carry the load elastically. A local change of the microstruc-
ture takes place. Due to the phase transformation and the complex residual stress state, the
material is modified. The microplastic deformations transform into macroplastic deforma-
tions. With persistent cyclic load on the inner boundary layer, cracks grow to the surface
and finally pittings occur on the raceway. The depth of these pittings is equal to the depth
of the highest load induced stresses. In practical applications, this failure type (Fig. 2) on
the surface is one of the main failure modes of bearings (under ideal lubrication conditions
and avoidance of lubricant contamination).

To increase the duration of the steady state phase, residual stresses can be induced to the inner
boundary zone in the depth of the highest load induced stresses. Thus, the shakedown phase
can be forestalled. To achieve pre-induced residual stresses, bearing surfaces can be rein-
forced with a short period of overload in the shakedown-phase, as well as in the
manufacturing process. To show this, Hacke subjected NU206 bearings to a two stage test
[4]. In a first step, the tests were run at a higher load for 1.5 million revolutions. The test was
then continued at normal load. The tests were performed under full film lubrication with a
specific film thickness of 4 > 2. It could be shown that the bearing fatigue life increased dras-
tically. The manufacturing process can be used to induce residual stresses not only to the near

Figure 2: Damaged surface of a bearing inner ring due to fatigue.
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surface zone but to the subsurface region, too. The mechanical surface modification process
deep rolling is one effective possibility to induce the compressive residual stresses. Within
the process, a hard ball is pressed on a surface of a rotating part. A hydraulic pressure of up
to p,, = 600 bar can be used for the process. Neubauer et al. investigated the influence of
manufacturing processes and induced residual stresses on bearing fatigue life. A computa-
tional model was set up and compared to bearing fatigue life tests [5, 6]. For the application
of bearings, it is of interest to define a desired bearing fatigue life and calculate the demanded
surface properties. Thus, the manufacturing process can be selected to fulfil these specifica-
tions. The aim of this paper is to introduce an inverse computational model for this application.
Therefore, the calculation of bearings fatigue life will be described shortly. As a second step,
the inverse computational model will be presented. From the results of the calculation, a
manufacturing process will be chosen to manufacture roller bearing inner rings. At the end,
the resulting bearings fatigue life will be determined experimentally.

2 CALCULATION OF BEARING FATIGUE LIFE
The influence of the residual stresses on the bearing fatigue life can be understood by taking
a deeper look on the computational approaches. Roller bearings are highly stressed due to the
cyclic contact load. To calculate the bearing fatigue life, the theoretical approaches are based
on the weakest link concept by Weibull [7]. Weibull developed the following equation:

log [%j = —IV n(c)dv 1

S: Probability of survival
n(g): Material dependent scale parameter
V:  Damage risk volume [mm?]
For homogeneous materials the following correlation has to be chosen [7]:

n(o){““’ujm, @

9,

with ¢, o, and m as experimentally detected constants, o is the applied stress.

Lundberg and Palmgren developed a model for the calculation of bearing fatigue life,
based on Weibull [8]. They expected a failure underneath the bearings surface for high
orthogonal stresses and for imperfections of the material. In contrast to Weibull, it is expected
that cracks due to fatigue occur on a weak point below the surface, e.g. an inclusion. Such
cracks may extend further to the surface and finally lead to pittings. The probability of sur-
vival can be calculated as a function of the number of revolutions, the maximal orthogonal
stresses, the stressed volume and the depth of the highest load induced stress.

In (lj o NV ®
S z,
N:  Number of load cycles
7. Maximal orthogonal shear stress [MPa]
z,.  Depth of the max. orthogonal shear stress [mm]
c: Exponent for stress criterion
h: Factor in the bearing life equation
e: Exponent in the bearing life equation (standardized Weibull slope)
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In the 1980s loannides and Harris introduced an advanced model for the calculation of
bearing fatigue life based on Lundberg and Palmgren [9]. The key point for the model is a
statistical connection between the probability of surviving and a stress dependent fatigue
criterion g; or t;, respectively, for a volume element of the bearings surface. The probability
of surviving for a volume element of a bearing is described by the following equation:

1

InE:Ai'H(Gi—au)'(ci—au)cﬂ\/i. (@)

A is an independent random variable and H(x) a heaviside function with

1forx>0
H(x)= . 5
() {Oforxgo ©

The resulting stress field is used as input for the fatigue life model of loannides et al. [10].
The equation is:

m(ljz nef Eon) gy ©®)
S vz

i;  Fatigue stress criterion
«.  Shear stress fatigue limit (Pa)
’ Stress weighted depth (depth from the surface) (m)
h: Factor in the bearing life equation
In order to account for the depth of the maximum shear stress the weighted depth z’ is
introduced:

N a

o Iomax (0,-0,) z,dz . @)

| J.;max (0,-0,)dz

The model of loannides et al. [10] includes a stress fatigue limit z, and a fatigue stress crite-
rion. For the term z; as fatigue stress criterion the criterion of Dang-Van et al. [11] is selected:

Ti = Tomax — khyd : p,hyd (8)
Tomax - Max. shear stress (Pa)

Kya:  Weighting factor for hydrostatic stresses

p',e: Hydrostatic stress including compressive stresses

(GRX +0g, + GRZ) . O hoop )
3 3

Prya = Prya —

The Dang-Van criterion includes the maximum orthogonal shear stress and the local hydro-
static pressure, p;, 4, corrected for residual and hoop stress. With increased compressive
residual stresses the hydrostatic pressure is increased, thus the critical fatigue stress is
reduced. The critical fatigue stress is highest in the zone of the highest load induced stresses
beneath the surface. Concludingly, by applying residual stresses in this depth, the computa-
tional approach predicts that the bearing fatigue life is influenced positively.
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2.1 Computational method to determine the influence of intrinsic stresses on bearing
fatigue life

In order to assess the influence of the magnitude and depth of residual stresses on bearing
fatigue life, Neubauer previously developed a computational method [5, 12]. A finite element
model of a bearing inner ring was set up to compute the resulting three-dimensional stress
field from the superposition of load stresses and residual stresses. Figure 3 depicts the flow
chart of the computational model. The input variables are the external load and the residual
stress depth profile. The external load is transformed into a Hertzian pressure distribution.
The residual stress depth profiles are defined as initial stresses in the model. One result of the
finite element (FE) model are the orthogonal shear stresses beneath the surface. The stresses
are required for the forward calculation model based on loannides et al. [10], which is com-
puted in MathWorks® Matlab. The method allows determining the resulting bearing fatigue
life based on the initial residual stress state of the bearings surface.

3 INVERSE CALCULATION OF DESIRED RESIDUAL STRESSES
FOR GIVEN BEARING FATIGUE LIFE TIME

The inverse model is based on an iterative reverse calculation of the bearing fatigue life
model of loannides et al. [10]. It is set up to determine the required residual stress state for
reaching a specified bearing fatigue life. The inputs into the computational model are the
stresses on the surface, which are simulated based on the load and geometry of the contact
between roller and bearing surface. The load and basic rating life L, (bearing life that
90% of a sufficiently large group of identical bearings reach or exceed before fatigue
appears). Output is the required residual stress state in the bearing surface to achieve a
bearing fatigue life as required for a given application. The flow chart of the inverse model
is shown in Fig. 4.

The calculation is performed in Matlab, the flow chart is shown in Fig. 5. For the model,
the Dang-Van criterion as well as the approach of loannides and Harris are used. Due to the

Figure 3: Flow chart of the forward computational approach based on Neubauer [5] to
calculate the influence of residual stresses on bearing fatigue life.
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Figure 4: Flow chart for the inverse computational model to calculate the residual stress state
desired to reach pre-defined bearing fatigue life.

Figure 5: Flow chart of the Matlab program to define the residual stress state.

approach including a heaviside function the intrinsic stresses cannot be calculated directly,
see eqgn (9).

In a first step of the calculation, the intrinsic stresses are generated for one point randomly
based on previous results of the forward calculation method by Neubauer. The early calcula-
tions proved a dependency of the residual stress formed in higher depth and achievable
bearing fatigue life. Distribution functions of the residual stress depth profiles originating
from the bearings surface are calculated based on the Matlab curve fitting tool.

To calculate the Dang-Van criterion the input based on the shear stress, hydrostatic pressure
and residual stresses are used. As the approach of loannides and Harris considers that only
stresses above the stress fatigue limit result in fatigue, the Dang-Van criterion is used for cal-
culations. The model of loannides and Harris can be transformed by introducing two terms.

> (0i-0.)
Z::(O'i -0,) 7,

h

In(%Jz N* in:1 AH (Gi _Gu)(gi —0y )C AV;, (10)
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For the generation of the residual stresses both equations are calculated and balanced. The
iterations have to be continued, until both terms converge. After finishing the iteration the
resulting residual stress state is calculated and plotted. Figure 6 shows calculated residual
stress states for pre-defined bearing fatigue life under a contact pressure of 3,000 MPa. The
graphs illustrate the trend that for increasing bearing fatigue life the residual stresses have to
be increased and induced into higher depths. For increased bearing rating life the value and
depth of the compressive residual stresses have to be adjusted. Figure 7 depicts the calculated
residual stress state for a contact pressure of 2,300 MPa and a pre-defined bearing rating life
L,, = 1,750 h. Due to the lower contact pressure the depth of highest load induced stress is in

Figure 6: Calculated optimized residual stress state for pre-defined bearing fatigue life
(contact pressure of 3000 MPa).

Figure 7: Pre-defined optimized residual stress state for a contact pressure of 2300 MPa;
L,,=1750h.
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lower depths compared to the graphs in Fig. 6. The compressive residual stresses should be
highest in a depth of approx. 150 pm.

4 MACHINING OF ROLLER BEARINGS WITH SPECIFIC RESIDUAL STRESS
DESIGN BY HARD TURNING AND DEEP ROLLING

To proof the presented model, machining tests were conducted. For the tests roller bearing
inner rings type NU206 were machined by hard turning and deep rolling on a high precision
lathe Hembrug Microturn 100. Within the experiments, the influence of process parameters
on the residual stress depth profile was analysed. The residual stresses were measured with
an X-ray diffractometer Seiffert XRD 3000 P using CrKa radiation. The experimental pro-
cedure and results are described in detail by Denkena et al. [13, 14].

The deep rolling process influences the residual stress state significantly. Figure 8 summa-
rizes the experimental results. An increasing rolling pressure p,, leads to higher amplitude and
larger depth of the compressive stresses. The size of the rolling tool, d,, affects the resulting
depth of the residual stress profile. The effect of the overlap factor u can be compared with
the effect of the shake down phase in bearings. An increased overlap factor results in an
increased number of rolling processes, which leads to higher compressive residual stresses.
From the results, a regression model is generated to calculate the resulting subsurface proper-
ties by the processes hard turning and deep rolling. To achieve the residual stress state
depicted in Fig. 7 the process parameters summarized in Table 1 were chosen. The achieved
residual stress state is shown in Fig. 9.

Figure 8: Effect of machining parameters in hard turning and deep rolling on residual stress state.

Table 1: Chosen process parameters to induce residual stress depth profile.

Hard turning Deep rolling

cutting speed v, m/min 200 rolling pressure p,,  bar 300
feed f mm 0.05 rolling speed v, m/min 150
depth of cut a, mm 0.1 ball diameter d, mm 6.35

cutting edge radius g um 25 overlap factor u % 98
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Figure 9: Pre-induced residual stress state.

5 EXPERIMENTAL EVALUATION OF THE INFLUENCE OF RESIDUAL STRESSES

ON BEARING FATIGUE LIFE
To verify that with the chosen residual stress state resulting from the computational model the
requested bearing fatigue life is achieved, experiments were conducted. Bearings without and
with beneficial residual stress states were taken for the tests. Standard NU206 bearing inner
rings, featuring no significant residual stresses in higher depth, were compared to bearings
with a beneficial residual stress state induced by the manufacturing process. By increasing
the pressure for the deep rolling process, the magnitude of the residual stresses can be
enhanced whereas by increasing the diameter of the rolling tool the stress field is extended
into greater depths. Modified bearing inner rings and standard parts for the rollers and outer
rings were subjected to the tests.

The evaluation of the experimental bearing endurance time was performed at six identical
4-bearing endurance test benches. Each of the test rigs allows for running four equal roller
bearings of type NU206 C3 at the same time. Thus, higher statistic coverage can be achieved
faster in the experiments. All bearings are exposed to the same radial load in the test rig. The
applied load is measured with a load cell during testing. The tests were performed under full
film lubrication with a specific film thickness of 1 > 2. The bearings are supplied with tem-
pered oil (at 60°C). A synthetic oil was chosen with a kinematic viscosity of 77,, = 68 mm?/s.
Bearing failures due to pitting are detected with a condition monitoring system. The radial
load was chosen with C/P = 4 equal to a maximum Hertzian contact pressure of
Prmax = 2,300 MPa in the bearing. The rotational speed was 4,050 min~. The tests were per-
formed according to the sudden death test principle. When the fatigue life of one of the
bearings is reached and a pitting has formed, the other three bearings are suspended.
Figure 10 shows a schematic of the test rig.

After failure, the bearings were disassembled and analysed. For the statistical evaluation,
the maximume-likelihood method is applied. Thus, the bearings without failure are accounted
for as “suspended”.

The standard honed bearings reached an L, of 274 h, and an L, of about 7,000 h. In com-
parison, for bearings with pre-induced residual stresses on the inner rings, an L, of 1,924 h
and an L, of 8,446 h could be observed. The experimentally validated bearing life is close to
the calculated L, of 1,750 h (Fig. 7). For these bearings, the residual stress state remained
nearly constant over the test duration. After an ultra-long running time of 378 Mio revolu-
tions, the residual stresses start to decrease in the zone of the highest load induced stresses.
Thus, in accordance with Voskamp [3], the breakdown phase is forestalled and the duration
of the steady state phase could be increased.
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Figure 10: Schematic of the test rig to evaluate the computational approach.

6 CONCLUSION

Applying residual stresses on bearing surfaces offers the possibility to increase the bearing
fatigue life drastically. To equip these bearings with the desired surface properties, a calcula-
tion procedure was established. The heaviside function of the bearing fatigue life model by
loannides and Harris requires an iterative approach to determine the optimum residual
stresses based on the Dang-Van criterion. The calculated residual stress state was compared
to measurements showing a good agreement. The inverse computational model allows for
choosing the proper manufacturing processes particularly deep rolling processes delivering
the desired stress state. Thus, the manufacturing effort can be adjusted according to the
desired bearing properties. The bearings can be equipped with improved properties and
machines designed regarding improved resource efficiency. Especially, for applications with
complicated and expensive replacement of failed bearings (such as windmills and aerospace),
such approaches are valuable.
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ABSTRACT

The present paper describes the application of an evolutionary algorithm to the optimum design of the
reinforcement of timber beams using FRP laminates and sheets. The objective function is the material
cost of the strengthening and is subjected to ten constraints derived from the ultimate limit states for
flexural and shear behaviour as well as the serviceability limit states. A genetic algorithm is used and
the optimization problem is transformed into an unconstrained one by means of an adaptive penalty
function. The design variables are the CFRP and GFRP mechanical properties and dimensions and
they are encoded in a binary chromosome: type of composite material (CFRP or GFRP), reinforcement
mechanical properties and geometric configuration. The search space for the minimum cost consists of
65 billion possible solutions. The crossover operator switches randomly between a fenotype crossover
and flat crossover. An adaptive mutation scheme has been as well as an elitism criterion. The algorithm
has been used for obtaining optimum designs in several specific load and geometry cases of glued
laminated timber beams. The objective is finding whether there are specific reinforcement configura-
tions more feasible for a certain loading situations: short or long beams and lower or higher loading
increments. Five cases have been analysed. In the first three cases the length of the beams has constant
values of 2, 2.5 and 3 m, whereas the value of loading was variable. In the latter case, the value of the
load was fixed and the length of the beam was variable. The analysis of the results shows that the GFRP
reinforcement is more efficient than CFRP for designs governed by shear failure, whereas CFRP is
more effective in the case of flexural failure and deflection controlled strengthening of timber beams.
Keywords: adaptive operators, FRP strengthening, genetic algorithm, structural optimization, timber
structures

1 INTRODUCTION
Although the use of wood as a building material is ancient, nowadays it still presents good
structural qualities compared to steel and concrete materials. It stress ratio to specific weight
makes it suitable for one way floors and, in particular, wood beams without knots or cracks
have high values of compressive and tensile strength. However, elastic modulus and shear
strength have very low values compared with steel materials (Triantafillou [1]). Nowadays,
building reutilization and the current technical standards lead to an increase in service loads
and to a decrease of the maximum deflection limits. In order to improve the structural safety
and reliability of structural wood systems in existing buildings, composite-based reinforce-
ment techniques are demanded. In this regard, fibre reinforced polymers (FRP) are an
adequate alternative to improve structural capacity (Bru et al. [2]). This study is aimed at
reaching and optimum design of the CFRP and GFRP reinforcement of wood beams by
means of a genetic algorithm. Genetic algorithms (GAs) have been thoroughly used as an
alternative to traditional structural optimization methods. GAs were introduced in the 70°s by
Holland [3]. Concerning the optimum design of the reinforcement for retrofitting of concrete
structures, GAs have proven to be a robust technique, as shown in Perera and Varona [4].
Contrary to mathematical programming based optimization methods, GAs are of a probabil-
istic nature. They are able to handle groups of design points simultaneously and it is also
possible to handle continuous and discrete variables. Their application does not need any
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explicit algebraic formulation of the objective functions and constraint functions and since
they do not depend on gradient information, it is not necessary to perform a sensitivity anal-
ysis of these functions. Those are their principal advantages over mathematical programming
based optimization. GAs are based on the Darwinian principle of evolution, in which the
most feasible individuals within a generation are most likely to survive and pass their genetic
material on to the next generation. Among their principal advantages, GAs are easily imple-
mented and programmed and, given enough computation time, are always capable of reaching
the global optimum. This can be justified because, as noted above, they are able to analyse
simultaneously a wide range of possible solutions randomly generated, thus being less sensi-
ble to converge to local optima. Other heuristic optimization techniques, such as ant colony
optimization and particle swarm optimization have not yet proven as robust as GAs for struc-
tural optimization.

2 MECHANICAL PROPERTIES OF MATERIALS

The study of the mechanical properties of the materials used in this research was based on the
standard ASTM D3039/D3039M for glass fibre reinforced polymer (GFRP) laminates (Bru
et al. [5]). These properties were obtained for bidirectional laminate (0/90° fibre orientation)
and for different values of dosage. In this research, weight dosage values of 1/1 were selected,
for woven type E glass fibre with 440 g/m?2 weight (213/217) and an epoxy resin supplied by
SICOMIN Composites, type SR 5550 and SD 5503. The geometrical and mechanical prop-
erties for GFRP laminates are given in Table 1.

In Table 1, e, is the equivalent thickness of the laminate; V; and V_ are the volume fraction
of the glass fibre and the matrix, respectively; E is the elastic modulus of the equivalent lam-
inate; and f  is the tensile strength of the equivalent laminate. Other important input used in
the genetic algorithm is the cost of the materials. For Sicomin epoxy resin, 34.5 €/m?2 has been
considered. For glass fibre fabric, the following values have been considered: ULE630, 1.81
€/m2; BXE300, 1.62 €/m?; BXE315, 2.29 €/m?; BXE446, 1.98 €/m?, BXE600, 2.33 €/m?;
BXES800, 2.92 €/m?; BE440, 1.67 €/m?, BE850, 2.74 €/m2.

In the case of carbon fibre reinforced polymers (CFRP), Sika-CarboDur laminates were
selected. The elastic modulus was 170 GPa and the tensile strength f . was 2300 MPa. The
laminates were supplied with a thickness of 1.2 mm (case 50 and 80 mm wide laminates) and

Table 1: Mechanical properties of GFRP laminates.

Fibre weight ~ Orient. e, V; V., E fus
Material g/m2 ° mm % % N/mm2 N/mm?2
GF-ULE 630 0 0.797 372 62.8 27823 426
GF-BXE 300 +-45 0718 17.7 82.3 14721 225
GF-BXE 315 +-45 0.724 18.6 81.4 15317 234
GF-BXE 446 +-45 0.765 26.4 73.6 20518 314
GF-BXE 600 +-45 0.793 355 645 26632 407
GF-BXE 800 +-45 0.815 473 52.7 34573 529
GF-BE 440 0/90 0.671 13.0 87.0 11545 176
GF-BE 600 0/90 0718 17.7 82.3 14721 225

GF-BE 850 0/90 0.760 25.1 74.9 19684 301
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1.4 mm (for 100 and 120 mm wide laminates). These correspond to laminate models 512E
(31.00 €/m), 812E (47.10 €/m), 1014E (69.10 €/m) and 1214E (83.20 €/m), respectively.

The elastic properties of the timber beams were obtained from the Spanish standard, CTE-
DB-SE-M, whereas the plastic properties were based on previous research [6]. In this way,
average value of ultimate compression strain for timber beams is taken equal to 0.01. Currently
the software is only implemented with homogenous and nonhomogeneous glulam properties,
but different kind of wood and reinforcement materials will be available shortly.

3 STRUCTURE OF THE GENETIC ALGORITHM
This section presents the formulation of the structural strengthening optimization problem,
its transformation into an unconstrained one, the definition of the genetic algorithm and its
operators and the treatment of the different constraints.

3.1 Formulation of the structural optimization problem

The general formulation of an optimization problem is to minimize an objective function
subjected to a set of constraint functions, as shown in egns (1), (2). In this case the objective
function, noted as f (x) was the cost of the reinforcement materials:

Minimize f (x)=Cq e +Copge- ()
subjected to g, (x) <0, i=12,...,10. 2)

where Cp is the cost of the CFRP laminates, C ¢ is the cost of the GFRP and g; (x) are
the constraints considered for this problem.

The first seven constraints deal with ultimate limit states (ULS) of the retrofitted design.
Constraint g, (x) corresponds to the bending capacity of the wood beam at the point of max-
imum moment along the reinforced zone. Constraint gz(x) corresponds to the bending
capacity at the point of maximum moment along the unreinforced zone. Constraints g, (x)
and g4(x) correspond, respectively, to the tension failure of the CFRP laminate and the
GFRP sheet used for flexural reinforcement at the point of maximum moment. And addi-
tional constraint g, (x) handles the ultimate stress of the CFRP before delamination occurs
at the end of the laminate. Constraint g, (x) corresponds to the shear capacity of the rein-
forced wood beam at the point of maximum shear force near the supports. Constraint g, (x)
corresponds to the shear capacity of the timber beam along the zone without shear
reinforcement.

Constraint gg(x) assesses the serviceability limit state (SLS) of vertical deformations.
Constraints g, (x ) and g,, (x) refer to geometric limitations concerning the available beam
width for installing the CFRP laminates (next to one another) and the available beam depth
for installing the GFRP sheets, respectively. Figure 1 shows the locations where some of the
previous design constraints are checked.

3.2 Formulation of an unconstrained optimization problem
The constrained optimization problem was transformed into an unconstrained one. This was

done by creating a penalty function P (x,t), which multiplied the original objective function
f (x) The penalty function depends on the degree of violation of each of the constraints as
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Figure 1: Assessment points of the constraints in the structural optimization problem.

well as the generation number t. The unconstrained optimization problem was thus rewritten
in egn. (3):

Minimize @ (x,t)=f (x)P(x.t). (3)

The genetic algorithm starts with a randomly generated population of 100 individuals, each
encoding one possible solution. This population becomes the first generation (t =1), which
consists of j = 1, 2,..., 100 individuals. Each one of these consists of a binary string (Fig. 2)
that encodes the reinforcement: type and number of CFRP laminates and length of the CFRP
reinforced zone (L.rzp); type and number of layers of GFRP sheets, fibre orientation, length
and depth of reinforcement (Lgepp, o+ Lgprp, aNd hgegp, see Fig. 1). The aim of the penalty
function P (x,t) is the following: when a given individual-chromosome encodes an inexpen-
sive solution which does not satisfy one or several constraints, then its cost gets penalized and
the genetic algorithm is less likely to select that individual for the genetic operators.

Figure 2: Example of chromosome that encodes a possible solution.
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For this optimization problem it was found that an adaptative penalty function P (x,t) of
the type proposed by Gen and Cheng [7] and Perera and Varona [4] worked to satisfactory
results. The adaptative penalty function is calculated through egns (4) and (5):

P(x,t)=l+%i[b?—?t‘)}(. (4)

i=1

Ab, =max{0; g (x)-b, (t)} with b, (t):%.

®)
where a value of k = 2 has been used in eqn (4). The parameter b, (t) is a penalty threshold,
which, thanks to eqn (5), gets lower as the number of generations progresses.

Once function @ (x,t) is calculated for each individual, a fitness parameter S, is defined for
each j-th individual through eqn (6):

D e — D (X,1)

S- :1+ min,t

J o (6)

max,t
where @ . and @ __ . are, respectively, the minimum and maximum values of function
@ (x,t) within the t-th generation.

3.3 The genetic operators

A genetic algorithm has three basic operators: selection, crossover and mutation. The first
one, selection, depends on the fitness values. The probability of selection p, ; for the j-th
individual is defined in eqn (7):

= S_J (7)
pS,J 100

28
j=1

The higher the value of p; ; the more likely will be the j-th individual eligible for reproduc-
tion and preservation of its genetic material (i.e. reinforcement type and dimensions) onto
generation t + 1. Therefore, the selected individuals become parents for generation t+1.

The reproduction operator is performed on a pair of parents and works combining the
genetic material of the parents, creating two new individuals (possible optimum solutions)
which are designated as children. This operator is also known as crossover operator. For this
particular genetic algorithm a reproduction probability of 70% has been used, which means
that in some cases (30% approximately) the genetic material of the parents will not be com-
bined and the pair of children will be identical to the pair of parents. In the rest of cases, the
combination of genetic material is made randomly through two different methods: fenotype
crossover and flat crossover (Radcliffe et al. [8]).

The last operator, mutation of genetic material, is not likely to produce more feasible chil-
dren than their parents, but it must be used to avoid convergence to local optima. For the first
10 generations mutation probability varies from 20% to 15%; between the 11-th generation
and the 50-th generation, mutation decreases from 15% to 5%. The mutation operator is per-
formed at genotype level (see Fig. 2), whereas the crossover operator could work at a fenotype
level.
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From the 51-th generation onwards, mutation is set at a minimum of 5% but adaptative
mutation scheme was added, making the GA able to detect whether there is little genetic
diversity within a given t-th generation. This could happen in the event of converging to a
local optimum. The genetic diversity D, of generation t is defined as the quotient of the
maximum value of the penalized objective function within the population @ . . and its
mean value © Depending on D, mutation probability will be corrected as shown in

eqgn (8):

mean,t *

13%, if D, =1
mutation probability =110%, if 1<D, <1.05 . (8)
8%, if 1.05<D, <11

Finally, an elitism criterion has been applied, which means that generation t+1 will be formed
by the best individuals from the group that includes the parents selected from generation t and
their children (i.e. if a child is not a better solution for the optimization problem than a given
parent, it does not enter generation t+1).

4 DESIGN CONSTRAINTS

To perform this research, two standards have been used to study bending and shear behaviour
of reinforced timber beams: the Spanish standard CTE-DB SE-M and the Italian standard
CNR DT201. Besides, for analysing the delamination failure, several previous research
works were addressed as well. These design recommendations are based on limit-states
design principles and allow plastic behaviour in compression. This approach sets acceptable
levels of safety against the occurrence of both serviceability limit states and ultimate limit
states. To assess these limit states, certain values for the design loading and the design strength
of the materials must be assumed. Load factors and strength reduction factors stated are the
ones in Spanish standard (which is harmonized to the European standard Eurocode 5). For
example, eqn (9) shows the bending strength f , for timber beams:

ok, )

mod sys
Vm

f,=k

W

The algorithm automatically selects the characteristic strength f, of the wood according to
its strength class. The software also selects the correct load factor k., according the load
duration, the load sharing factor k, ., the height factor k, and the material partial safety factor
.- Other factors related to the type of load (dead load, variable load, etc.) are also used in
the design application.

In the assessment of constraints, g, (x ) and g, (x ), which correspond to the bending capac-
ity, the following assumptions have been considered: wood is considered an isotropic
material, having tree planes of symmetry; shear effect is neglected and plane sections remain
plane; the stress-strain relationships assumed for wood are elastic-plastic (in compression)
and linear-elastic (in tension).

In the case of GFRP and CFRP, linear-elastic behaviour is considered for both compres-
sion and tension stress. For the case of a FRP reinforced timber beam in bending, Fig. 3
shows the stress and strain distributions of the composite cross-section. The ultimate bending
moment of the section M, has been obtained assuming strain compatibility and equilibrium
of internal forces and moments. In Fig. 3, e, and e, are the laminate thickness for GFRP and
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Figure 3: composite FRP-strengthened section in bending.

CFRP, respectively; o is the compression stress in the GFRP; o, and o, are the tensile
stresses in the GFRP and in the CFRP laminate, respectively.

After calculating the flexural capacity M, of the strengthened timber beam and the factored
value of the maximum bending moment at mid-span M constraint gl(x) can be
obtained through eqn (10):

Ed,max ’

M

Ed,max u

M M
<M - %31 N gl(x)z[ﬂ—ljﬁo. (10)

u

An analogous approach must be followed with constraints g, (x ) to g,, (x).

Constraints g, (x) and g, (x) correspond to the tension failure of laminate. In this case, the
ultimate tensile strain of wood is equal to the maximum value of the laminate strain. There-
fore, the stress level of the laminates will be around 14% of its ultimate stress. Thus, these
constraints are not likely to be active during the optimization process. However, in future
improvements of the algorithm, voids and defects in the wood, could change this hypothesis.

Constraints g, (x ), g, (x ) and g, (x) correspond to the shear capacity of wood beams. In
these cases, two different analyses have been performed. On the one hand, the value of resist-
ing shear force V., was calculated by transforming the FRP reinforcement to equivalent
wood, according to Triantafilou et al. [1], and using the formulation of Collignon-Jourawski;
the ultimate strength was then calculated according to the Spanish standard. The equivalent
wood thickness of the GFRP is notated as e,, ., and is equal to the GFRP thickness e times
the quotient of the laminate elastic modulus and the wood elastic modulus. In this case, it has
been assumed that no other failure mechanism such as FRP shear failure occurs prior to wood
shear failure. On the other hand, the second possible failure mechanism is due to debonding

of the CFRP laminate. In this case, the maximum laminated normal stress o . .. Was calcu-
lated according to Juvandes et al. [9], as shown in egn (11):
Cl 'kb .kc ! ErC 'erC .fwtm,p k 1l
Gnc,max = - ' (ll)
erC

where c;, k, and k  are experimental factors equal to 0.76, 1, and 1, respectively; k, is a
geometrical function; E,. is the elastic modulus of the CFRP laminate; and fwmp is the ulti-
mate pull-off stress, equal to 2.5 MPa. Currently, the algorithm considers the maximum
anchor length, according to the properties of the reinforcement. Moreover, this check is per-
formed only for CFRP laminates, due to the lack of information about experimental test for
debonding in wrap beams with GFRP.
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In addition to the ultimate limit states, the serviceability of a member under service loads
should satisfy the provisions of Spanish standard CTE-DB-E-M. This is verified through con-
straint g, (x) for the following three cases: structural integrity, user comfort and functionality.
The calculation method of these three different provisions is indicated in the Spanish standard.

Finally, constraint g, (x) corresponds to the ratio between the total width of the CFRP
plates and that of the timber beam cross-section. In the same way, constraint g,, (x) corre-
sponds to the ratio between the perimeter of GFRP and the roll width of fiberglass fabric.

5 APPLICATION OF THE GENETIC ALGORITHM
This section shows the application of the genetic algorithm to evaluate the efficiency of
different schemes of reinforcing to simply supported timber beams.

The firstexample consists of a3 m span beam, with a0.08x0.16 cross section (widthxdepth).
It is a glulam GL24h timber beam subjected to a fixed distributed dead load of 0.825 kN/m,
plus a distributed live load. The unreinforced timber beam is able to support a live load of
2.475 kN/m according to CTE-DB-SE-M. The live load is increased at 10% intervals and the
optimum reinforcing scheme for each of them is obtained with the genetic algorithm (10 runs
are performed for each case). Table 2 shows the optimum designs. The notation used in Table
2 is the following: L. is the length of the CFRP laminate, which is centred at mid span; H is
the depth of the GFRP reinforcing, on the lateral faces of the timber beam; L , is the length
of the GFRP from the beam ends, used for reinforcing in shear; L, . is the Iength of the GFRP
located at mid span (analogous to L.); finally, the cost is given as a unit cost, comparing the
total cost of reinforcing materials to that of the timber beam (hence the units, in €/€). As it
was introduced in Table 1, BXE stands for bidirectional fibres (£45°) whereas ULE stands for
fibres with single orientation.

When SLS are active for aesthetic reasons, the algorithm converges to an expensive solu-
tion installing CFRP laminates, which is the most effective way of increasing the inertia of
the composite cross section and thus reducing the maximum vertical displacement. However,
when SLS is not active, Table 2 shows that GFRP reinforcing for flexural bending is the less
expensive scheme. In this case it also becomes clear that shear reinforcement is not needed

Table 2: Optimum solutions for Example 1: 3 m simply supported beam.

CFRP GERP

Aq Lc n. Hg Lea Lgc  Cost

(%)  Type (mm)  Type layers (mm) (mm) (mm) (€E/€)

10 1x512E 450  ULE630 2 0 0 480 085

f"s 20  1x512E 800  ULE630 3 0 0 730 171
Tls 30 IxBI2E 1120 ULE6 3 0 0 1180 258
40 1x512E 1250 ULE630 3 160 0 1320 353

10 - - BXE300 1 0 0 370 0.14

20 - - BXE446 1 0 0 820 032

s 0 - - ULE630 1 0 0 1080  0.42
0 - - ULE630 2 0 0 1280  1.00

50 - - ULE630 2 0 0 1420 111

60 - ; ULE630 3 0 0 1560 1.83
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(because L, 5 is nullin all cases). Finally, for live load increments over 60% the algorithm did
not find any feasible solutions: in the event of retrofitting a timber beam with the aforemen-
tioned characteristics for a live load increment over 60% its original value, strengthening
solutions different from FRP materials should be taken into account

Tables 3 and 4 show the solutions obtained when applying the GA to simply supported
timber beams of 2.5 and 2 m span, respectively. In the case of the 2.5 m beam, the original
distributed live load for the unreinforced design was 4.125 kN/m. In the case of the 2 m beam,
the original distributed live load was 6.49 kN/m.

The purpose of analysing shorter beams is forcing the algorithm to deal with designs which
can be partially governed by shear failure. In the case of the 2 m span beam, there were no
differences found between the optimum designs for ULS and SLS combined and those cor-
responding to ULS only; vertical deformations did not control the strengthening solution and
they would not constitute critical constraints in short beams.

A remarkable result is that of the 2.5 m span beam retrofitted for an increase of 50% its
original live load, with both ULS and SLS constraints active: this was found to be the most
expensive design, needing a wider CFRP laminate as well as GFRP reinforcements for both
bending and shear.

Finally, the smallest possible live load increment corresponded to the shortest beam
(Table 4). FRP strengthening solutions would not be adequate for a retrofitting demanding an
increase of over 30% the original distributed live load.

Next examples are of beams subjected to fixed values of dead and live distributed loads,
but with increasing lengths. In example 4 the original design is the same one as in example 1:
0.08x0.16 m rectangular cross section; glulam GL24h wood; subjected to distributed loads of
0.825 and 2.475 kN/m (dead and live values, respectively). The maximum span possible for
the unstrengthened design is 3 m.

Table 5 shows the results for increasing lengths in example 4. Again, CFRP became neces-
sary only when SLS was active as a design constraint. Considering ULS only, the maximum
span length compatible with FRP strengthening would be 3.6 m (a 20% higher than 3 m).
With that range of lengths (and for the 0.08x0.16 m glulam GL24h cross section), shear

Table 3: Optimum solutions for Example 2: 2.5 m simply supported beam.

CFRP GFRP
Aq Lc n. Hg Lea Lgc  Cost
(%) Type (mm)  Type layers (mm) (mm) (mm) (€/€)
10 1x512E 220 ULE630 1 90 0 790 0.65
SLS 20 1x512E 680 ULE630 2 90 0 990 1.80
+ 30 1x512E 1010 ULE630 2 160 130 1190 3.22
ULS 40 1x512E 1400 ULE630 3 90 220 1450 4.45
50 1x812E 1530 ULE630 3 140 290 1580 7.47
10 - - BXE446 1 90 0 480 0.31
20 - - ULE630 1 160 0 970 0.65
ULS 30 - - ULE630 2 90 130 1170  1.34
40 - - ULE630 3 90 220 1320 248
3

50 1x812E 390 ULE630 90 290 1430  3.59
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Table 4: Optimum solutions for Example 3: 2 m simply supported beam.

CFRP GFRP

AQ Lc n. Hg Loa Loc Cost

(%) Type (mm)  Type layers (mm) (mm) (mm) (E€)

SLS 5 - - BXE300 1 90 80 0 0.09
+ 10 - - ULE630 1 90 130 360 0.36
ULS 15 - - BXE446 1 90 170 550 1.04
20 - - ULE630 2 90 220 690 1.33

ULS 25 . - ULE630 2 90 250 790 1.52
only 39 . - ULE630 3 90 310 910 270

Table 5: Optimum solutions for Example 4: g = 2.475 kKN/m; original span length of 3 m.

CFRP GFRP

AL Lc n. Hg Lea Lec Cost

(%)  Type (mm) Type layers (mm) (mm) (mm) (€/€)
SLS 5 1x512E 760 ULE630 3 160 0 810 2.03
+ 10 1x512E 1680 BXE800 3 160 0 1550 442
ULS

5 - - BXE300 1 90 0 640 0.28
ULS 10 - - ULE630 1 140 0 1200 0.67

15 - - ULE630 3 90 0 1610 1.33

20 - - ULE630 3 90 0 1930 2.29

Table 6: Optimum solutions for Example 5: g = 6.49 kN/m; original span length of 2 m.

CFRP GFRP
AL Lc n. Hg LG’A '—e,c Cost
(%)  Type (mm)  Type layers (mm) (mm) (mm) (€/€)
gL o - - BXE300 1 90 80 430 0.38
+ 10 - - ULE630 1 130 150 810 0.89
uLs 15 1x512E 760 ULE630 2 90 220 1100 3.18
20 1x512E 1280 ULE630 3 90 280 1340 5.43
5 - - BXE300 1 90 80 430 0.38
ULS 10 - - ULE630 1 130 150 810 0.89
15 - - ULE630 2 90 220 1100 1.90
20 - - ULE630 3 90 280 1340 3.38

strengthening would not be needed. When considering GFRP sheets for flexural reinforce-
ment (with SLS not active), the tendency of the genetic algorithm is to start increasing the
height H of the ‘U’ sheets; however, for longer spans (with moments increasing proportion-
ally to the square of the span), the genetic algorithm finds it more adequate to maintain a
shorter height H, and increase the number of layers.
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Example 5 starts with the same cross section, with a short span of 2 m and fixed loads of
0.825 kN/m and 6.49 kN/m (dead and live, respectively). Optimum results for increasing
span lengths are listed in Table 6. The most expensive solution corresponds to a design that
needs reinforcement for both SLS (vertical deformations) and ULS (shear failure), with a
span length increase of 20%.

6 CONCLUSIONS
A genetic algorithm for optimum design of bending and shear FRP reinforcement of low cost
timber beams has been presented. This GA serves the purpose of minimizing the material
cost associated with the reinforcement materials for ULS and SLS requirements according to
the Spanish standards.

Adaptive schemes for both the penalty function and the mutation operator showed ade-
quate performance when applying the GA to this particular design problem.

The analysis of the solutions found by the GA for a set of practical examples showed that
for structures with flexural failure behaviour, the ultimate load can be increased up to 50-60%
over the ultimate load for the unreinforced beam. However, for beams with shear failure con-
trolled behaviour, the ultimate load should not be increased over 30% of the unreinforced
original load, due to the failure on the supports area.

Finally, GFRP sheets should be considered not only for shear strengthening but also for
flexural strengthening, since they allow reducing the amount of CFRP laminate needed and
so, they allow to reduce the retrofitting costs. The GA proved effective on deciding whether
this could be achieved by using higher ‘U’ sheets or by adding layers of FRP.
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ABSTRACT

The main purpose of this work is to employ the Adomian modified decomposition method (AMDM) to
calculate free transverse vibrations of non-uniform cantilever beams carrying a transversely and axially
eccentric tip mass. The effects of the variable axial force are taken into account here, and Hamilton’s
principle and Timoshenko beam theory are used to obtain a single governing non-linear partial differen-
tial equation of the system as well as the appropriate boundary conditions. Two product non-linearities
result from the analysis and the respective Cauchy products are computed using Adomian polynomials.
The use of AMDM to make calculations for such a cantilever beam/tip mass arrangement has not, to
the authors’ knowledge, been used before. The obtained analytical results are compared with numerical
calculations reported in the literature and good agreement is observed. The qualitative and quantitative
knowledge gained from this research is expected to enable the study of the effects of an eccentric tip
mass and beam non-uniformity on the vibration of beams for improved dynamic performance.

Keywords: Adomian decomposition method, cantilever beam, mechanical vibrations, tip mass

1 INTRODUCTION

Important components of engineering structures can be idealized as cantilever beams with a
concentrated mass at its free end. Examples of this are antenna structures, large aspect aircraft
wings fitted with external tanks or stores, flexible robot arms and atomic force microscopes.
The presence of the tip mass plays an important role in the dynamic characteristics of the
beam and exerts an inertial force, which is a function of the system motion [1]. The problem
of a uniform cantilever beam with an eccentric tip mass has received much attention, for
example, Prescott [2], Goel [3], and, Rama Bhat and Wagner [4]. Exact solutions have been
found, for example, To [5] derived an exact expression for natural frequencies and mode
shapes of a uniform beam with base excitation and an axially eccentric tip mass and Auciello
[6] has suggested an exact analysis of free vibration of a linearly tapered cantilever beam with
tip mass with rotary inertia and axial eccentricity. Work has been carried out for non-uniform
beams which can achieve a better distribution of strength and weight. The non-uniformity,
which usually arises from a variable beam cross section or inhomogeneous material properties,
leads to a fourth-order partial differential equation with variable coefficients. In general these
fourth-order equations cannot be solved analytically. However, for some specific non-uniform
beams, exact solutions of the eigenvalue problem have been reported in terms of power series
[7]1, orthogonal polynomials [8] and Bessel functions [9]. More recent work has been carried
on beams with tip mass and with uniform [10] and non-uniform [1] cross sections. Matt [10]
simulated transverse vibrations of a cantilever beam, with an eccentric tip mass, in the axial
direction using integral transforms which included an implicit filter scheme. Malaeke and
Moeenfard [1] modelled large amplitude flexural-extensional free vibrations of non-uniform
beams carrying a transversely and axially eccentric tip mass with the effects of the variable
axial force taken into account.

© 2018 WIT Press, www.witpress.com
ISSN: 2046-0546 (paper format), ISSN: 2046-0554 (online), http://www.witpress.com/journals
DOI: 10.2495/CMEM-V6-N4-679-690
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The method of solution here is the Adomian modified decomposition method, which is a
wide ranging method of solution of problems involving algebraic, differential [11], inte-
gro-differential [12] and partial differential equations [13]. Specific to this work, the Adomain
decomposition and Adomian modified decomposition method have been used by several
groups [14, 15] for uniform and non-uniform beams, starting with either the Euler-Bernoulli
or Timoshenko formulations. Mao [14] applied the AMDM to rotating uniform beams and
included a centrifugal stiffening term while Adair and Jaeger [15] applied the AMDM to
rotating non-uniform beams which also included a centrifugal stiffening term. Yaman [16]
has used the Adomian decomposition method to investigate the influence of the orientation
effect on the natural frequency of a cantilever beam carrying a tip mass.

In this study we use the computational approach of AMDM to analyze free transverse
vibrations of non-uniform cantilever beams carrying a transversely and axially eccentric tip
mass. As the beam is assumed to be under the effect of gravity, the spatial variation of axial
force is taken into account. The natural frequencies and mode shapes of the beam for three
test cases were found and compared with results reported in the literature.

2 MATHEMATICAL FORMULATION

The schematic view of a non-uniform beam with an eccentric tip mass is shown in Fig. 1. The
distances a and b are the transverse (z) and axial (x) eccentric values, respectively, CoG is
the centre of gravity of the tip mass M and | is the length of the beam. The polar mass
moment of inertia of the tip mass around CoG is J and, in this analysis, the axial stretching
of the beam due to both gravitational and inertial axial forces is considered.

In order the find the governing equations of motion of the beam, Hamilton’s principle is
employed. Every system behaves in such a way to satisfy

Figure 1: Schematic view of a non-uniform cantilever beam with an eccentric tip mass.
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5j(K—U+we)dt:o, (1)

where & is the variation operator, t, and t, are arbitrary times, K and U are the total kinetic
and potential energies of the system respectively and W, is the work done by external forces.

For this system, the Euler-Bernoulli assumption that the rotation of cross-sections of the
beam is small in comparison to the bending deformation is made. Also it is assumed that the
angular distortion due to shear is considered small compared to the bending deformation and
can be ignored. Therefore, the beam in question is long and slender with the length much
greater than the thickness. With the assumption that the material of the beam is linear elastic,
then the overall strain energy can be found from

U:%i‘EA(x)(Z—iJrl(?gTj dx + —jEl [waj dx, @

where A(x) and | (x) are the area and the second moment of area of the beam’s cross-sec-
tion around the neutral axis and E is Young’s modulus of elasticity of the beam’s material.

The total Kinetic energy of the system is given as K = K., + Ky Where
1 aw) 1 éu
K == |pA(X)| = | dx+=|pA(x) dx, 3
column 2 !p ( )( at J 2 !p ( (atj ( )

dt

dw(l,t) o%w 1 ((du(,)) . du(l,t) o?w
oy axat(l't)jJrEM[[ dt ]_Za dt axat(l’t)}

Here, p is the material density of the beam, r; is the radius of gyration of the tip mass, and
6 and V. are the rotational and translational velocities of the tip mass and its centre of grav-
ity, respectively. Here V. is obtained using the relative velocity between the tip mass’s
centre of gravity and the point of attachment to the beam.

The virtual work done on the system with the assumption that no viscous damping is pres-
entis

2 2
Kmassz—MvgoeJrZJCOGez:EM[( ( )] +(a2+b2+r§)[ax (1 t)j

(4)

SW, =W, +8W, 5)

where 6W, and 6W, are the virtual gravitational work done on the tip mass and the beam,
respectlvely The V|rtual gravitational work done on the system can be written as

8W, =-Mgsu(l,t)-Mgas (%(I ,t)j W, = —jgpA(x)(Su(x,t)dx. (6)

Hamilton’s principle is now applied to obtain the governing equations of vibration of the
system
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ot ot

The variable axial force of the beam, N (x,t) is defined as

N (x,t) = EA(x){aUg’t)%(awgz’t)J J ©)

For a long and slender beam, with a small slenderness ratio, the longitudinal inertia is small
compared to the restoring force and so

N (x,t)
OX

~ gpA(X). (10)

Substitution for the terms N (x,t) and 6N (x,t)/ ox, as defined in egns (9) and (10) into the
expanded form of eqn (7) gives

1) 2 ] 5 (T ) g )

_EA(X)[au(x,t) 52w(x,t)+1(aw(x,t)Jz azw(f’t)}rPA(x)aZW(X't) . (11)

ox x? 2| ox ox oz

where the superscript ' mean differentiation w.r.t. x.
According to modal analysis for harmonic free vibration, w(x,t) and u(x,t), can be sep-
arable in space and so eqgn (11) can be reduced to

(1 (0] ) () T ] S g g )
_EA(X)[dud(Xx)dZ(\j/\)/((zx)Jr%[deE(x)j d(\j/\)/(( )J‘PA( - (12)
The dimensions of the beam in the y and z direction may be given as
d(x)=d, |:1+(ad —1)?], d’(x)=d; [1+(ad, —1)ﬂ, (13)

where oy =d, /d,, a, =d;/d;; d,,d; are the cross-sectional widths at x =0 and d,,d;
are the cross-sectional widths at x =1. The area and moment of inertia of the beam vary
according to
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A(x) = A{l—ﬁd,ﬂ[l—ﬁd ﬂ A(x)=1, {1—/3(,,?}[1—/1, ﬂg , (14)

where A, =d,d; and I, =d/d; /12 are the cross-sectional area and moment of inertia at
x =0, respectively, and B, =1-a,, £ =1-aqa,. .
Without loss of generality, the following dimensionless quantities are now introduced.

w u X t a _b M —
__,¢,T_>(,,,__>n,__>f,__>a,T -7, AO—>M,Where

—>5,—G—>FG,
| | T | |

=17 [P

3= El(n),/lzzA(n),lgz EA(”)IZ ,14:PA0602|4 (15)

el e

Equation (12) can now be written in the form

4'9(1) , , 4 8°0()  ZE0(n) 7 d9(n)

d7' 4 df 4 df 4 47

_i_j[dw(n)dz(ﬁ(n)Jrl(d(ﬁ(n)J d%(n)J_mz%m):Q

dn dn* 2 dn dn?

A7)

The governing equation, egn (17), cannot be solved as a closed-form solution and so some
approximate approach must be adopted. Here the Adomian modified decomposition method
(AMDM) is chosen.

3 ADOMIAN MODIFIED DECOMPOSITION METHOD
The Adomian decomposition method (ADM) is an iterative method, which has proved successful
in treating non-linear equations. It is based on the search for a solution in the form of a series in

which the non-linear terms are calculated recursively using the Adomian polynomials. The ADM
gives the solutions ¢ (n) of egn (17) in a series form of the infinite sum

#(n)=9,(n), (18)
Substitution of eqn (18) into the linear and nonlinear terms of eqn (17) yields

Liqb] (71)+ Ri@ (n)_%Nl[W,q&]—%%Nz[qﬁ]:O’ (19)
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where

4 3 ” N2 7
L=0 RoAd  A) 50 ek (20)
Y Lo dor hoar 7
Here L is an invertible operator, which is taken as the highest-order derivative and R is the
remainder of the linear operator.

N, [V/ ,¢] in egn (19) is a product nonlinearity and the respective Cauchy product can be
computed using Adomian polynomials (A,) as

N1[W’¢]=§Aj(wo""’Wj;¢0""l¢j)=

7 < aWn ioz o, o* $im
on 67] = jmom=0 On on*

Nz[q’)] in egn (19) is also a product non-linearity, and accordingly the respective Cauchy
product can be computed using Adomian polynomials (B,) as

g o 55l

on

- (22)
< 0"y SR - 0 0y,
; ? Z on Z ngnzt; on on

R

j=0m=0 a’] 677

According to the Adomian modlfled decomposition method (AMDM) the terms ¢ ( ) inegn
(18) can be expressed as C;n’ so giving the infinite series

¢(n)=>Cn’, (23)
j=0
where the unknown coefficients C; are determined concurrently. Using a similar approach

w (n) can also be equated to the series Scio

j=0
Using the linear operator L of Eq. (20) then the inverse operator of L is a 4-fold integral
operator defined as

L=

[y Sm—

!

ﬁ('“)dndndndn- (24)

Equation (19) can be written as

$p(n)=0 RZCn + 3ZAn += iiBn : (25)

110
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where R is now

42 (i+2)(i+2)(J+3)C.o7' + iz (i+1)(i+2)Cy 7
1 j=0 1':0
L (26)
_ _ZZ J+1 l+ln -0’ 4ZC7] ,
j=

1 lJO

The Adomian’s polynomials in eqn (25) are found using the standard method [17] for
B, (... .4; ) and the generalized method for several variables as reported by Adomian and
Rach [18] is used for A, (...} iy -1, )-

The term @ (n) found in eqn (25) is the initial term and defined as

=2C7 =0(0)+¢'(0)7+97(0) 7 12+ ¢ (0)7 16 @7)

On substituting eqns (23), (26) and (27) into eqn (25), the following is obtained

ic,f; 9(0)+9'(0)7+9¢"(0)7 12+¢”(0)7 16

= n
_,Z{(J+1)(J+2)(i+3)i+4) (28)

LC

M_.

m+2

[(m #1)(m+2)(m+3)21C, (M +1)(m+2)

1 1

A A
-(m+1)g=C,,, —wzﬁcm}+—3(Aj L Bjj}
A, 2, A, 2

The recurrence relation for the coefficients C; can now be stated and the solution for ¢(n )

0

3
Il

can be calculated from eqn (28). The series solution is ¢(n ZC n!, although all of the

coefficients C; cannot yet be determined, and thus, the solutlons must be approximated by

n-1 n-1
the truncated series > C ', with the successive approximations being ¢!" () = >'C;n’ as n
j=0 i=0

increases and the boundary conditions are met.

Thus ¢! (n)=C, 0" (n) =9 (n)+Cm 0™ = ¢/ (n)+C,n? serve as approximate
solutions with increasing accuracy as n — oo. The three coefficients C, (j=0,1,2,3) depend
on the boundary equations. In this case, the two coefficients C, and C, can be chosen as arbitrary
constants, and the other two coefficients C, and C, are stated in terms of the problem parameters
or as the functions of the other coefficients.

The initial term ®(n) in egn (25) is a function of C, and C, and from the recurrence rela-
tion obtained from eqn (28) the coefficients C. (j > 4) are functions of C, and C, and 4,. By
substituting ¢ ( ) into the boundary condltlons we then have
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fil(2,)Co + £ (2,)C, =0,r=1,2. (29)
For non-trivial solutions, C, and C,, the frequency equation is given a

i () ()

B (A) £ (R)

=0 (30)

The ith estimated eigenvalue /lgzi]) corresponding to n is obtained from eqgn (30), i.e. the ith

estimated dimensionless natural frequency Q[n”(]i) = JAl" s also obtained and n is deter-

2(i)
mined by the following equation

[ _ oyl
Q) -l <4 (31)

where Q[”(’)l] is the ith estimated dimensionless natural frequency corresponding to n—1, and
¢ is a preset sufficiently small value. If egn (31) is satisfied, then Q[ ] is the ith dimension-

less natural frequency Q By substituting Q[ ] into eqn (29)

[n]
C = —fm( ”“))c —1or2 32
=y CooF=1or2 (32)
frl (Qn(l))
and all of the other coefﬁuents C. can be obtained from recurrence relations. Furthermore,
the ith mode shape (/) corresponding to the ith eigenvalue Q[ is obtained by
n-1

¢[ ] ZC ']nj (33)

=0

where C[.‘]( ) is C;(n) in which 2, is substituted by Ay and ¢! is the ith eigenfunction

corresponding to the ith eigenvalue A By normalizing egn (33) the ith normalized eigen-
function is defined as

—[n ¢i[n] n
71 ) = -2
[n] d
_[0|:¢i (77)]
where q?i[”] (n) is the ith mode shape function of the beam corresponding to the ith natural

frequency of” = A" JEI, / pAI* = {n”(]i)\/El0 I pAl*.

(34)

4 RESULTS
Results are given for the calculations of natural frequencies and mode shapes for a non-uniform
beam, a uniform beam with constant axial load, i.e. the non-linear terms of egn (17) were
made constant, and an eccentric mass, and finally, a non-uniform beam with an eccentric
mass. The calculated results are compared with results found in the literature.
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4.1 Case 1: non-uniform beam

The test case present here is a clamped-free constant width tapered beam (wedge) and the
boundary conditions used were

4(0)= O,d‘zgo)

o,OI "5(21)=0,O| (i):o. (35)
dn dn

For the wedge beam a . =1,a, =a; B, =0, 5, = B the area and moment of the section can
now be written as

A(n)=A[1+(a~1)n]= A (1-Bn) .1 (n) = 1,[L+(a~1)n] =1,(1-pn)*,

where S is known as the taper ratio.
In this case the coefficients C, and C, were set to zero and the coefficients C, and C, are

n-1
arbitrary constant. By substituting ¢!" (n)=">.Cn’ into the last two boundary conditions of
i=0

eqn (35) the following algebraic equations involving C, and C, are obtained

n-3
) (J"‘ 1)( i+ 2)Cj+2 = fl[zn] (;LA)CZ + fl[sn] (’14): 0,
’:°4 (36)
S (i+1)(j+2)(i+3)C.. = fh(a,)C, + 141 (2,)c, =0.
i=0
and for non-trivial solutions of C, and C, the frequency equation can be written as
5 (4) 57 (2) - 151 (4,) 157 (2,) = 0 (37)

By solving eqn (37) for n and taking the real root for 1, = Q?, it was found that for n = 30

‘Q[ns(ol]) _ Q[n2(91]) <g= o,00001.‘ (38)

i ~ O =
with Q) ~ Q) =3.517.

The results for the wedge beam for different taper ratios are compared with those reported by
Banerjee et al. [19], as shown in Table 1. The calculated results are in reasonable agreement
with those reported by Banerjee et al. [19]. Values for 8 =0 are not reported by Banerjee
et al. [19] as their method suffered numerical overflow when § =0.

Reasonable agreement was found between the two methods, although the current calcula-
tions generally gave slightly larger values. The maximum difference between the two methods
was of the order of 1% and occurred for Q..

4.2 Case 2: Uniform beam with eccentric tip mass experiencing constant axial force
Following [1] calculations were made for a uniform beam experiencing a constant axial loading

with an eccentric tip mass. The material and geometric properties are listed in Table 2. The
boundary conditions used for these calculations and those for Case 3 are
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Table 1: Normalized natural frequencies of a wedge beam.

ﬂ Qn(l) Qn(Z) Qn(S)
Current Ref.[21] Current Ref.[21] Current Ref.[21]

0 3.517 - 22.100 - 61.003 -

0.1 3.562 3.559 21.346 21.338 59.001 58.980
0.2 3.612 3.608 20.639 20.621 56.293 56.192
0.3 3.671 3.667 19.905 19.881 53.592 53.322
0.5 3.830 3.824 18.355 18.317 47.482 47.265
0.7 4.090 4.082 16.667 16.625 41.005 40.588
0.9 4.641 4.631 14.987 14.931 33.231 32.833

Table 2: Properties of the uniform beam with tip mass.

Parameter E p M I a b I D
Value 210 7680 5000 30 1 1 0.5 3
GPa kg/m?3 kg m m m m m

dg(0 d’(1 Viga , d¢(1 d’¢(1) __dg(1
5(0)=0,20) o () Mgz , d9(1) , 49 Gs ) o (g

dn dn A dn dn dn

An exact solution for this eigenvalue problem can be found [1] and is used here for comparison.
It can be seen form Table 2 that generally the current calculations give a closer result to the
exact solution.

4.3 Case 3: Non-uniform beam with eccentric tip mass and rotary inertia

Here a linearly varying cross section cantilever beam with a both transversely and axially
eccentric tip mass with rotary inertia is considered. The beam here is tubular and the physical
properties are given in Table 4.

Using the present method, the normalized natural frequencies and mode shapes of the beam
are obtained as on Fig. 2.

Table 3: Normalized natural frequencies of uniform beam.

N Q. Qi) Q5

0 Exact 0.7670 47763 13.2822
Present 0.7678 47764 13.2955
FEA Ref. [1] 0.7675 47707 13.2460

10° Exact 0.7657 4.7749 13.2811
Present 0.7663 47763 13.2965

FEA Ref. [1] 0.7662 4.7693 13.2451
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Table 4: Physical and geometrical properties of non-uniform beam with eccentric tip mass.

Parameter E Ie} M I B a b r,
Value 210 7680 5000 30 0.8 0.5 0.5 0.3
GPA kg/m3 kg m m m m

Figure 2: First three normalized natural frequencies and mode shapes for Case 3.

5 CONCLUSIONS
A method has been developed for calculating characteristics of a vibrating non-uniform cantilever
beam with an eccentric tip mass. The developed approach is nontrivial and complicated due to the
nature of the problem. No exact solution of this general problem is available. Several test cases
were performed with quite reasonable agreement between the results of the current approach and
those reported in the literature found.
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ABSTRACT

The formation mechanism of inclined fatigue cracks in ultrafine-grained Cu processed by equal channel
angular pressing was studied by using a smooth specimen with a small blind hole. The crack growth direc-
tion depended on the location of drilling hole along the circumferential direction of the round bar specimen
and on the applied stress amplitudes. Although the low-cycle fatigue crack growth paths inclined 45° and
90° to the loading-axis were observed in the different locations on the surface, crack faces in these cracks
were extended along one set of maximum shear stress planes, corresponding to the shear plane of the final
processing. To study the crack growth behaviour, surface damage around the crack paths formed by the
two-step fatigue stress tests was observed. Profile of crack face was examined, showing the aspect ratios
(b/a) of b/a = 0.38 and 1.10 for the cracks with 45° and 90° inclined path directions with respect to the
loading axis, respectively. The role of the microstructure and deformation mode at the crack-tip areas on
the formation of crack paths parallel to the shear plane of the final pressing was discussed in terms of the
microstructural evolution caused by cyclic stressing and the mixed-mode stress intensity factor.
Keywords: copper, crack propagation, equal channel angular pressing, fatigue.

1 INTRODUCTION
Ultrafine grained (UFG) materials, having the grain sizes in the sub-micron and nanoscopic
range, are of considerable interest. To date, many investigators have focused on optimizing
processing conditions, on determining the underlying microstructural mechanisms, and on
the static mechanical properties [1-5].

For the envisaged structural applications, extensive studies have been made on the fatigue
crack growth behaviour of UFG metals and alloys processed by equal channel angular press-
ing (ECAP). For ECAP-prepared samples, the yz-, zx- and xy-planes are defined by three
mutually orthogonal planes of sectioning that lie perpendicular to the longitudinal axis of the
pressed sample, and parallel to either the sample side, or the top faces at the point of exit from
the die, respectively. In low-cycle fatigue tests, many investigators have showed that the crack
in the zx- and xy-plane created a 45°- [6-8] and a 90°- incline [9, 10] to the loading axis,
respectively, and these crack path directions were parallel to the shear direction of the final
ECAP processing. In addition, the growth rate of cracks in the zx-plane tended to be larger
than that in the xy-plane [10]. Up to now, low-cycle fatigue (LCF) crack growth behaviour of
UFG materials has been mainly discussed from the viewpoints of microstructure and mor-
phological features of surface damage. On the other hand, the discussion from the mechanical
viewpoints should be done for a better understanding of the fatigue damage of UFG materi-
als. However, such studies are few and certain questions remain unanswered.

© 2018 WIT Press, www.witpress.com
ISSN: 2046-0546 (paper format), ISSN: 2046-0554 (online), http://www.witpress.com/journals
DOI: 10.2495/CMEM-V6-N4-691-702
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In the present study, fatigue tests of copper (99.99% Cu) processed by ECAP through eight
passages were carried out. The objective of this study is to investigate the physical back-
ground of the formation of crack growth paths and fast crack growth in the zx-plane in terms
of the mixed-mode deformation at the crack tip.

2 EXPERIMENTAL PROCEDURES

The material used was pure oxygen-free (99.99 wt %) Cu. Before ECAP, the materials were
annealed at 500°C for 1 h (grain size, 100 um). The ECAP die had a 90° angle between inter-
secting channels. The angles at the inner and outer corners of the channel intersection were
@ =90° and W = 45°, respectively. Repetitive ECAP was accomplished according to the Bc
route (after each pressing, the billet bar was rotated 90° around its longitudinal axis). Each
rod was subjected to eight sequential passes of pressing at room temperature. MoS, was used
as a lubricant for each pressing, and the pressing speed was 5 mm/sec. The tensile test spec-
imens were cylindrical, 4 mm in diameter and 40 mm long. The tensile tests were conducted
on all the specimens at room temperature on an Instron-4208 testing machine at a strain rate
of 1.6 x 1073 s7%. The pre-ECAP mechanical properties were 232 MPa tensile strength, 65%
elongation and Vickers hardness of 63 (load: 2.9 N). After eight ECAP passages, the proper-
ties changed to 435 MPa, 22.6%, and 136, respectively. The grain size was measured using a
transmission electron microscope. The average grain/cell size of ECAP-prepared samples
was measured as 320 nm, here for elongated grains; the thickness was measured as grain size
and not as the diameter of equiaxed grains.

An analysis has shown that the equivalent strain, €, after one pass is given by the following

relationship [11]:
1 (O 4 (O 4
=—<2cot| —+— |+¥cosec| —+— |;. 1
? ﬁ{ [2+2j+ (2+2j} .

Total of eight extrusion passes resulted in an equivalent strain of about 7.8.

Fatigue specimens 5 mm in diameter were machined from their respective processed bars.
Although the specimens had a shallow circumferential notch (20-mm notch radius and
0.25-mm notch depth), the fatigue strength reduction factor for this geometry was close to 1,
meaning that they could be considered plain. The fatigue specimens were electrolytically
polished (approximately ~ 25 um from the surface layer) prior to mechanical testing to
remove any preparation-affected surface layer.

Figure 1 shows the location of monitoring areas and the definition of orientation of fatigue
specimens relative to the final pressing plane described as a dark elliptical-area. The monitor-
ing area was set on the middle surfaces where an intersection between the shear plane of the
final pressing and the specimen surface makes an angle of 45° (the zx-plane) or 90° (the
xy-plane) with respect to the loading axis. The fatigue damage and crack growth behaviour
were monitored on both planes. Prior to testing, in some specimens, a small blind hole (both
diameter and depth of 0.1 mm) was drilled on the monitoring area as a crack starter. The
cracks/hole on the zx- and xy-planes are referred to hereafter as the ‘zx-plane crack/hole” and
‘xy-plane crack/hole’, respectively.

All fatigue tests were performed at room temperature using a rotating-bending fatigue
machine (constant bending-moment type) operating at 50 Hz. The fatigue damage on the
specimen surface was observed using an optical microscope (OM) and a scanning electron
microscope (SEM). The crack length, I, was measured along the circumferential direction of
the surface using a plastic replication technique. The stress value referred to is that of the
nominal stress amplitude, ., at the minimum cross-section (5-mm diameter).
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Figure 1: The location of monitoring areas and definition of orientation of fatigue specimens
relative to the final pressing.

3 EXPERIMENTAL RESULTS

Figure 2 shows the crack growth paths in the zx- and xy-planes under high- and low-stress
amplitudes (o, = 240 and 90 MPa). At o, = 240 MPa, the zx-plane crack that initiated from
the hole created a 45° incline to the loading axis and this crack path direction was parallel to
the shear direction of the final ECAP processing (Fig. 1). The 45° inclined crack growth
direction has been commonly observed in the zx-plane of LCF UFG metals [6-8]. However,
the xy-plane crack grew nearly perpendicular to the loading axis. At , = 90 MPa, on the
other hand, the macroscale growth direction was perpendicular to the loading axis regardless
of the plane where the crack initiated, nevertheless, the crack propagated in a zigzag manner
at the microscale. There was no difference in the crack growth behaviour and the morpholog-
ical features of surface damage around crack paths between the UFG and conventional
grain-sized copper. This was because that the grain coarsening as a result of dynamic recrys-
tallization due to a long term of cyclic stressing. Grain coarsening during fatigue is a time-,
amplitude-, purity- and temperature-dependent microstructural process. It has been sug-
gested that a certain time and cumulative strain are required for the release of sufficient
stored strain energy to allow dislocation motion, recrystallization and subsequent grain
coarsening [12].

To study the unique crack growth behaviour at a high-stress amplitude, the behaviour of
microcrack initiation was monitored by using plane specimens (without a hole). Figure 3a
and b show the change in surface states around a fatal crack, which led to the final fracture of
the specimen, in the zx- and xy-planes under a high-stress amplitude (o, = 240 MPa) corre-
sponding to the LCF regime. In the zx-plane, at an early fatigue stage, a large number of shear
bands (SBs) with a length of less than a few micrometres [13] were created a 45° incline to
the loading axis and this SB orientation was parallel to the shear plane of the final ECAP
processing. Fatigue cracks were initiated from SBs and propagated along the SBs with a
coalescence of microcracks generated in nearby SBs. It is reasonable to assume that the SB
formation and microcrack growth were strongly affected by the microstructural inhomogene-
ity retained in the matrix because of the incomplete dynamic recovery/recrystallization. It has
been shown that unlike the microstructure that evolved at , = 90 MPa, the defect structure
produced during ECAP processing should be still moderately retained in the matrix fatigued
at o, = 240 MPa [14, 15]. Indeed, among innumerable maximum shear stress planes, SBs and
microcracks were initiated along one set of the maximum shear stress planes corresponding
to the final ECAP shear plane. To successfully release the local high strain energy caused by
the defects distributed along the final ECAP streamline, the maximum shear stress planes
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Figure 2: Effect of stress amplitudes on crack growth paths in the zx- and xy-planes: (a and b)
the zx-plane crack at o, = 240 and 90 MPa; (c and d) the xy-plane crack at 5, = 240
and 90 MPa.

Figure 3: OM micrograph showing the change in surface states around a fatal crack under
cyclic stressing at o, = 240 MPa: (a) the zx-plane; (b) the xy-plane.

corresponding to the final ECAP shear plane may be a reasonable selection. The fatigue tests
of UFG Cu in the LCF regime showed the 45° inclined crack paths in the zx-plane [6-10].
Regarding the xy-plane, the crack initiation and growth behaviour was like that observed for
the zx-plane; however, the orientation of SBs and the crack growth direction were nearly
perpendicular to the loading axis.

Figure 4 shows the crack growth curve of drilled specimens at o, = 240 MPa. For both
planes, there was no distinct difference in the number of cycles required to initiate fatigue
crack from the hole regardless of the location of drilling hole. The slop of growth curve was
steeper in the zx-plane crack than the xy-plane crack for crack length of less than 1 mm, how-
ever, the curves for crack length of longer than 1 mm had same slop for both planes. This is
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Figure 4: Crack growth curve of drilled specimens at , = 240 MPa.

Figure 5: Loading pattern (high-to-low block stressing).

because that the assumption of the zx- and xy-plane cracks holds for a limited area along the
circumference of the specimen. For the present specimen with 5 mm diameter, the assump-
tion appears to be meaningless for a long crack in excess of | = 1 mm.

To clarify the difference in crack growth mechanism between the zx- and xy-planes, two-
step fatigue stress tests (Fig. 5) were conducted, i.e. after the formation of a crack with an
arbitrary length at the high-stress amplitude (c,,), the crack continued to grow at the low-
stress amplitude (o,,). Figure 6a and b shows the crack growth paths under two-step stress
tests. For the zx-plane (Fig. 6a), a crack with a growth path at a 45° incline to the loading axis
was formed under 5.3 x 10 repetitions of ,, = 240 MPa, leaving a linear crack path. After a
stress amplitude change to c,, = 90 MPa, the crack grew nearly perpendicular to the loading
axis. For the xy-plane (Fig. 6b), the crack grew perpendicular to the loading axis under 6.0 x
10* repetitions of o,; = 240 MPa. Under the second stress, the crack continued to grow per-
pendicular to the loading axis.

Figure 7 shows SEM micrograph of surface states around crack paths just before and after
the stress change. Figure 7a shows the surface damage in the zx-plane. The surface at the
crack edges that were formed under high stress was comparatively flat, but the surface that
formed under low stress had traces of localized plastic deformations, suggesting change in
the crack growth mechanism between high and low stresses. Figure 7b shows the surface
damage in the xy-plane. Before the stress change, the crack paths showed severe zigzag man-
ner. The traces of heavy localized plastic deformations were left around the crack paths. After
the stress change, the crack continued to grow with zigzag manner, but the degree of zigzag
was moderate as compared with that before the stress change.

To discuss the physical background of crack growth behaviour, the specimens were sec-
tioned in the longitudinal direction (parallel to the x-axis), at specific crack lengths, followed
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Figure 6: Crack growth paths under high-to-low block stressing: (a) the zx-plane crack;
(b) the xy-plane crack.

Figure 7: Surface state around the crack path just before and after the stress change (o, =240
MPa, c,, = 90 MPa (a) the zx-plane crack; (b) the xy-plane crack.

by etching of the sectioned planes. Figure 8 shows the crack growth paths formed at o, = 240
MPa in the surface and the sectioned plane; (a) a zx-plane crack with 0.975-mm length and
(b) a xy-plane crack with 0.918-mm length. The inner growth direction of the zx-plane crack
was perpendicular to the surface. For the xy-plane cracks, the inner growth direction was
inclined 45° to the surface. Although the inclination direction of the crack path to the loading
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Figure 8: Sectioning position described in the crack paths on the surface and the inner growth
paths under o, = 240 MPa: (a) a 0.975-mm-long crack in the zx-plane; (b) a
0.918-mm-long crack in the xy-plane.

Figure 9: Schematics of crack growth behavior inside the specimen at o, = 240 MPa:
(a) crack face profile in terms of dimensionless sizes for the zx- and xy-plane cracks;
(b, c) definition of the crack length/depth for an inclined crack on the zx-plane and
a deflected crack on the xy-plane.

axis was different between the zx- and xy-plane cracks, the paths for cracks in each plane
were parallel to the shear plane of the final ECAP processing. Regarding the inner growth
direction at low-stress amplitudes, like the crack paths commonly formed in the conventional
grain-sized materials, the macroscale crack paths for the surface and sectioned planes were
nearly perpendicular to the loading direction, regardless of the location of the hole [16].
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Figure 9a shows the profile of the crack face, y/I or z/I versus t/l relationship, where t is the
crack depth measured along the vertical direction to the specimen surface. The crack face
shape was approximated by a semi-ellipse with the value of t/I = 0.266 at the deepest point
for the zx-plane crack and t/l = 0.389 for the xy-plane crack. Considering the experimental
results of Fig. 8, a declined surface-crack on the zx-plane and a deflected surface-crack on the
xy-plane were defined as described in Figs 9b and c, where terms a, T and b are a half crack-
length measured along the crack path direction, the crack depth measured along the crack
face direction at a specific value of y and z, and the maximum depth of a semielliptical crack
measured along the crack face, respectively. A red- and a blue-dashed lines in Fig. 9a show
the crack face profile for the zx- and xy-plane cracks replotted by using a term T/2a instead of
t/I. The values of b/a, aspect ratio, were 0.378 for the zx-plane crack and 1.10 for the xy-plane
crack. Incidentally, at a low-stress amplitude (s, = 90 MPa), it has been shown that no defer-
ence in the crack face profile between the zx- and xy-plane cracks and the aspect ratio was b/a
= 0.76 which was nearly equivalent to the value of b/a measured in annealed conventional
grain-sized Cu [16].

4 DISCUSSION

To study the mechanical background of the unique crack growth directions of UFG Cu from
the viewpoints of the deformation mode at the crack tip, the stress intensity factor (SIF)
values were evaluated, by assuming a semi-infinite body with inclined semi-elliptical sur-
face cracks, subjected to tension stress in the x-direction at infinity. The applied tension
stress is resolved into two stress components perpendicular and tangential to the crack face.
Accordingly, a 45° inclined surface crack is subjected to both normal, ¢ (= 1), and shear
stress, T (= 1), as illustrated in Figs 10a and b. Noda et al. [17] analyzed the SIFs of a semi-
elliptical surface-crack subjected to modes I, 1l and 111 loading. The values of dimensionless
SIF (DL-SIF), F,, F,,, F,,, for the current surface-crack were taken from Noda’s solution
calculated for Poisson’s ratio: v = 0.3. The DL-SIF, F/(a), F,(a), F,(a), were
defined as;

()= e

where K; (o) is SIF along the crack front and K. (o) is SIF of an elliptical crack [17]. The
location along a crack front was defined by the eccentric angle of the ellipse, a., defined as the

i=1 1 1. 2

Figure 10: Inclined semi-elliptical surface cracks in a semi-infinite body subjected to tension
load in the x-direction at infinity: (a) a model for a surface crack on the zx-plane;
(b) a model for a surface crack on the xy-plane.
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angle for mapping a semi-circle [17]. The crack front at the surface and the deepest point are
shown by o = 0 and 90°, respectively. However, the DL-SIF values at the surface were eval-
uated by the values at o = 1° instead of a. = 0°, because in three-dimensional surface cracks,
the point where the crack front intersects a free surface is known as a corner point. The stress
singularity at this point is different from that of an ordinary crack [18].

Table 1 shows the DL-SIF values of cracks with the aspect ratio, b/a = 0.38 for the zx-plane
crack, and 1.1 for the xy-plane crack, which are given from Fig. 9. The value of F, for the
zx-plane crack is larger at the crack bottom (o = 90°) than at the surface (o = 1°), giving rise
to an aspect ratio larger than 1. However, the actual aspect ratio was much smaller than 1.
Regarding the F,,, the large F,, value (= 0.77) at the surface promotes in-plane shear mode
crack growth. At the bottom, F, takes a value of 0.83, but it seems reasonable to assume that
antiplane shear mode deformation at the deepest point is negligible for the inward crack
growth. Consequently, the zx-plane crack predominantly propagated at the surface due to
in-plane shear mode deformation, which brings the generation of new SBs and extension of
preexistent SBs around the crack tip areas, producing an aspect ratio much smaller than 1.
The tensile-mode deformation reflected by large F, values should play the role of crack
growth. From the perspective of the formation of the shallow semielliptical cracks, the ten-
sile-mode deformation might assist shear mode growth, through the debonding of SBs around
the crack tip [15, 19].

For the xy-plane crack (Table 2), the F, value at the surface was 0.74, i.e. larger than 0.60
at the bottom. This should lead to a superior extension of crack length, compared with the
crack depth (b/a < 1). However, the actual crack extension was accelerated at the bottom,
rather than at the surface. On the other hand, the F,, value was higher at the bottom (0.53)
than at the surface (-0.08), suggesting the deep semielliptical shape of the xy-plane crack
caused by the in-plane shear mode deformation at the bottom. At the surface, mode-1 crack
growth appeared to be predominant, because of negligible values of F, and F, . Therefore,
mode-I1 crack growth plays an important role in determining the crack face shape.

The unique growth direction of microcracks at high stresses was attributed to inhomoge-
neous microstructures due to ECAP; microcracks initiated from SBs grew along the maximum
shear stress plane corresponding to the shear plane of the final pressing, resulting in the
inclined semielliptical surface cracks. As the crack grew, although the contribution of micro-
structural inhomogeneity on crack growth weakened, in-plane shear-mode deformation at the

Table 1: Dimensionless stress intensity factors for the zx-plane crack (b/a = 0.38).

Type of crack o(deg) F, Fi Fui
zx-plane crack 1 0.68 0.77 0.31
b/a=0.38 90 0.93 0 0.83

Table 2: Dimensionless stress intensity factors for the xy-plane crack (b/a = 1.10).

Type of crack a/(deg) F, Fu Fun

xy-plane crack 1 0.74 -0.08 0.09
b/a=1.10 90 0.60 0.53 0
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crack tip promoted the formation of a large inclined crack with a unique face profile. The fast
crack growth rate in the zx-plane crack resulted from in-plane shear mode deformation in
addition to the tensile mode deformation.

As indicated in Fig. 7b, the crack paths in the xy-plane under high stress showed a heavy
zigzag manner. The zigzag growth paths were formed by the coalescence in preexistent SBs
around the crack paths under the tensile mode deformation (The ND-SIF values were
F,=0.74, F, (= -0.08) and F,,, (= 0.09)). The retarded crack growth on the xy-plane was
therefore believed to be due to enhanced roughness-induced crack closure. For the zx-plane
crack, the crack paths at high-stress amplitude (o, = 240 MPa) were linear (Fig. 7a) because
of the coalescence of pre-existent collinear-SBs/shear-cracks ahead of the crack tip under
in-plane shear mode deformation (F, = 0.77).This should contribute to the acceleration of the
zx-plane crack.

5 CONCLUSIONS
The main findings of this study on the formation mechanism of inclined surface cracks in
UFG copper can be summarized as follows:

1. At high-stress amplitudes, the crack path/face in both zx- and xy-planes was extended
along one set of the maximum shear stress planes, corresponding to the final ECAP
shear plane, among innumerable maximum shear stress planes, showing a high
microstructural sensitivity to crack-path formation. At low-stress amplitudes, the
crack path was perpendicular to the loading direction regardless of the ECAP shear
plane.

2. Two-step stress tests indicated that the surface at the zx-plane crack edges that were
formed under high stress was comparatively flat, whereas the surface around the xy-
plane crack paths showed traces of severe plastic deformation, meaning a difference in
predominant crack growth mechanism: shear mode for the former and tensile mode for
the later.

3. At high-stress amplitudes, the cracks in the zx- and xy-planes had a shallow and deep
semielliptical face, respectively. The normal aspect ratio, b/a, was 0.38 for the zx- and
1.1 for the xy-plane cracks. The inclined crack path and crack face profile were attributed
to the inhomogeneity in ECAP microstructure and the in-plane shear-mode deformation
around the crack-tip areas.

4. The fast crack growth rate in the zx-plane crack resulted from in-plane shear mode
deformation in addition to the tensile mode deformation.
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ABSTRACT

It is estimated that currently the consumption of natural aggregates used annually in the production
of concrete in the world is around 10 billion tons. Moreover, more than 10 million tons of waste is
generated annually from the construction industry. The incorporation of recycled aggregates in the
production of concrete arises mainly due to an environmental factor, because it emphasizes the reduction
in the consumption of raw materials, reduction of the emission of pollutants to the atmosphere derived
from the processes of extraction of natural aggregates, between others. Several studies quantifies the
decrease of mechanical properties according to the percentage of replacement of natural aggregate by
recycled concrete aggregate. In the present study the authors provide several nonlinear models, which
are able to predict the modulus of elasticity behaviour of the concrete manufactured with recycled
aggregate. A database was composed of 147 different mixtures of recycled aggregate concrete collected
from publications of scientific journals. The database has been used to introduce it to the software
Polimodels. Polimodels is able to generate different models using different nonlinear regression algo-
rithms. Six different models for the modulus of elasticity are proposed, dependents on certain physical
and mechanical parameters of the recycled aggregate, as the following; the percentage of absorption,
Los Angeles abrasion coefficient, and the percentage of substitution of natural aggregate by recycled
aggregate. It is possible to appreciate the remarkable reduction in the modulus of elasticity due to the
increase of recycled aggregates in the concrete. When the models have more independent variables
a better adjustment is noticed that help us to improve the prediction of the modulus of elasticity of
recycled aggregate concrete.

Keywords: elastic modulus, nonlinear models, prediction, recycled aggregates, recycled concrete

1 INTRODUCTION
The use of recycled aggregates (RA) in the production of concrete has many kinds of purposes:
the reduction in the consumption of raw materials, the reduction of CO, emissions into the
atmosphere due to natural aggregate (NA) extraction processes, as well as the valorisation of
construction and demolition waste (C&W), among others.

It is estimated that the annual consumption in the world of NA used in the production of
concrete is about 10 billion tons. In addition, more than 10 million tons of C&W is generated
annually [1]. As a consequence, the environment has to absorb a very important amount of
waste materials from the construction sector. Moreover, the construction sector consumes a
high quantity of raw materials for the production of concrete.

The use of recycled aggregates concrete (RAC), provides an alternative of high environmental
value and more rational from an economic point of view [2]. Extraction of NA, cement manu-
facturing and all production processes related to the manufacture of concrete, with the
consequent energy consumption of these processes, are associated with the emission of tons
of CO, into the atmosphere. For that reason, the use of RA in the manufacture of concrete
constitutes a significant step towards a more sustainable society.
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The main difference between the recycled aggregates from concrete (RCA) and the NA is
the mortar adhered to the first, which causes a higher water absorption (WA), lower density,
higher porosity and a lower wear resistance. Those properties determine the greatest divergence
between the two kinds of aggregates. Higher mortar content adhered to the RCA, results in a
greater negative effect on the concrete made with it [3]. Usually, RCA has higher roughness,
angular shape and porosity and lower density than NA [4].

The use of RCA in concrete production greatly affects the properties of concrete in a fresh
state. Workability of concrete decreases with increase of RCA content. This rapid loss of
workability is associated with the high absorption of RCA and the increase of fine content
during the mixing process as the adhered mortar to the RCA is detached [5]. Currently, the
causes of the low utilization of RCA are based on its lower performance against the use of
NA [1, 6, 7]. The lower performance in the RCA is mainly due to the higher absorption properties
(WA) and higher permeability than in NA [8]. Whit the increase of RCA content in the concrete
mixture the modulus of elasticity and compressive strength of RAC decrease [9]. For these
reasons, the NA replaced by RCA is limited to a maximum of 20% in structural concrete by
several regulations such as EHE-08 [10].

There are a large number of experimental investigations on RAC that allow the use of the
results obtained to describe the behaviour of RAC through mathematical modelling. However,
in most of the proposed prediction models, the dependent variable is determined according to the
values of the RAC dosage to be produced (w/c ratio, cement quantity, etc.) or mechanical values of
the same concrete that is studied (compressive strength, indirect tensile strength or modulus of
elasticity). The prediction of the mechanical properties, that can be found several regulations
[10,11], implies a high number of experimental measures of the RAC to predict the
behaviour.

The main interest of the authors is to predict the modulus of elasticity using several non-
linear mathematical models, knowing some physical properties of the RCA, such as the
percentage of water absorption at 24 hours (WA), Los Angeles abrasion coefficient (LA) and
percentage of recycled aggregate (RCA). In addition, the modulus of elasticity of a control
concrete (concrete with 0% of RCA in its dosage) will be used as independent variable.
Moreover, we pretend to analyze the influence of the number of independent variables in the
different proposed nonlinear models.

2 MATERIALS AND METHODOLOGY
2.1 Database

To achieve the previously mentioned objective, a database has been generated from 147
different mixtures extracted from different researches where the main theme was RCA. The
main topic of the selected research is the study of the addition of RCA.

The characteristics of the mixtures used are shown in Table 1. In this table are listed the
range of the main materials used in the concrete mixture. As can be seen, the wide range of the
dosage will allow the models to be applicable to virtually any type of concrete with recycled
aggregate that can be manufactured.

The database reflects the broad spectrum of dosages covered by the study and will greatly
influence the mechanical behaviour of the RACs by incorporating RCA [12]. As described
above, the study focuses on the treatment of data to generate nonlinear mathematical models,
which are able to predict the modulus of elasticity (Ez.) of a 28-day-old RAC. First, knowing
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Table 1: Dosage ranges of total analyzed mixtures.

Range of mix proportions (kg/m?3)

Average value

(kg/m3) Minimum Maximum

Cement content (kg/m3) 364 249 520
Addition content (kg/m?) 26 18 35
Water/Cement ratio 0.52 0.35 0.82
Water/Binder ratio 0.52 0.35 0.82
Effective Water/Cement ratio 0.46 0.24 0.72
Effective Water/Binder ratio 0.48 0.29 0.65
Additive content (kg/m?q) 5 0 72
Sand (kg/m?3) 698 395 1000
Gravel (kg/m?) 531 0 1353
RCA (kg/md) 543 0 1149
% RCA (in weight) 50 0 100

some physical properties of the aggregate (WA and LA), the percentage of RAC and the compressive
strength of the control concrete without incorporating RAC in its dosage (0% RCA).

To obtain the Eg. models we have used a database of investigations [1-3, 7, 13-24]. The
following phases have been considered; a) knowing the compressive strength value of a concrete
with the same RCA degree (f; ) but we still do not know the physical properties of the recycled
aggregate (Model 1); after we know the WA value of the RCA (Model 2); and finally we also
know the LA value of the RCA (Model 3). b) the E. value of the control concrete is known
(Model 4); then, we also know the WA of the RCA (Model 5); and finally the value LA of the
RCA (Model 6). It should be noted that WA of the RCA is one of the most important parameters
to be taken into account when designing the dosage [3,10] because of WA is greater in RCA
than the NA and it will influence the final physical and mechanical properties of the concrete
[12,25]. As it will be analyzed later in the models and results, most are linked to this
parameter.

The main properties of the RA used for the generation of each of the models is shown in
Table 2. This Table shows the range of apparent densities of the WA at 24 hours and the LA
of the RCA used in the investigations and used for the construction of the models. As can be
observed, the wide range of the RAC properties covers the production of any kind of RAC.

The range of the mechanical properties of the RAC used for the different models is shown
in Table 3. In this table are listed, for each type of model, the value range and the mean value

Table 2: Physical properties of the aggregates used to generate each of the models.

Range of results (kg/m?d)

Average value

Properties of the RCA (kg/m?3) Minimum Maximum
Particle density (kg/m3) 2191 1239 2750
Water absorption 24 hours (%) 5.39 0.24 16.34

Los Angeles abrasion coefficient (%) 41.26 21.56 65.45
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Table 3: Mechanical properties of the aggregates used to generate each of the models.

Range of results (kg/mq)

Average value

Mechanical properties of the RCA  (kg/m3) Minimum Maximum
f_(MPa) 42.7 17.3 79.0

f.rc (MPa) 38.3 13.4 79.0

focc (MPa) 5.0 2.1 15.5

fo rc (MPa) 4.3 14 16.5

Ecc (MPa) 32937 18900 49000
Erc (MPa) 28540 13800 49000

of the compressive strength, tensile strength and modulus of elasticity of the control
concretes (RCA = 0%) and of the RACs used in the present study. As can be seen the range
of values of these properties is wide, so the resulting models will be applicable to a wide
range of RAC.

Where fC rc Is compressive strength of the concrete with recycled aggregate substitution
(MPa), f_is the compressive strength of the reference concrete without substitution of recycled
aggregates (for compressive strength models, MPa), f, . is Indirect tensile strength of the
reference concrete (MPa), f,, . is the indirect tensile strength of recycled aggregate concrete
(MPa).

2.2 Nonlinear models

In general, it is really difficult to find a law that is capable of predicting the mechanical
behaviour of concrete, whether or not incorporating recycled aggregate, so that, previously, a
study of the dosage of the concrete is done. Subsequently, an experimental campaign is carried
out in which the different additions of RA are contemplated and work is carried out with specific
modifications of the dosage to achieve the mechanical and durability requirements proposed in the
design phase. With these data, although it is true that a prediction law cannot be described, we
can make models that can be adjusted and validated adequately from a statistical point of
view, which is very useful.

With the problem presented in this way, it is necessary to formally obtain the relation between
avariable y, dependent on a set of variables x,, x, , ..., X, which can be expressed in the relation
Y =0 (X, X,,..., X,,) Where g can be linear or non- Imear The mathematical formulation of the relations
obtained from the experimental data is based on the techniques of linear and nonlinear regression analysis. In
the case of the former, the most generalized method for obtaining the values of the parameters
involved in the equation is the least squares technique, which, by its linearity, leads to the
solution of a linear system of the parameters. In contrast, nonlinear regression analysis leads to
the use of numerical computation techniques to obtain a solution, the most common methods
are Gauss-Newton gradient and Levenberg-Marquardt [25]. Each of these three algorithms
poses a series of questions for its computational implementation and concentrate on obtaining
the values of the partial derivatives. The procedure becomes cumbersome and also impractical,
which makes it essential to use computer programs to facilitate the work, which is why in this
study and for practical purposes has been made use of a powerful tool called Polimodels [26,27],
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which use the algorithm with the modules and techniques mentioned above to obtain and validate
the parameters, which is considered a hybrid of different computational techniques, numerical
calculus and statistical methods.

2.2.1 Polymodels software

Polimodels is software that has been implemented using Borland Delphi 6, and therefore is the
Pascal object-oriented programming language. The graphical interface is based on menus and
windows, and allows the definition of the MANL,, as well as various algorithm parameters
and specification criteria previously. This executable generates a result in the form of files
[25]. The algorithm that applies is appreciated in Fig. 1 in which basically the Gauss-
Newton algorithm is used to obtain the parameters of the non-linear models.

As described briefly in Section 2.1, the dependent variable analyzed was modulus of elasticity
(ERC) of RAC as a function of the independent variables that, depending on the phase, will be
2,30r4.

The ACI 318 [11], EHE-08 [10] and other international regulations provide various formulas to
be able to determine the tensile strength and the modulus of elasticity of the concrete, from the
compressive strength. In this sense, and as can be seen in the different models, the study was done
in the first three cases using as reference parameter the compressive strength of the reference
concrete (f.o.), with recycled aggregate substitutions. In general terms, the variables that
intervene directly in each model are:

f. rc: Compressive strength of concrete with recycled aggregate substitution (MPa).

Ecc: Modulus of elasticity of the reference concrete (MPa).

Erc: Modulus of elasticity of the concrete with percentage of substitution of recycled
aggregate calculated from the model (MPa).

RCA: Percentage of recycled aggregate by weight replacing conventional coarse
aggregate.

WA: Percentage of water absorption of recycled aggregate at 24 hours.

LA: Los Angeles wear coefficient of the recycled aggregate.

Figure 1: Summary of the process carried out in the research.
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In addition for each of the independent variables we have analyzed the different models that
are listed below:

a) y=Eg (f.pc RCA)

b) Y= Ege (f, ner RCA, WA)
€)Y =Egc (f.per RCA, WA, LA)
d) Y =Epc (Eco RCA)

€) Y= Epc (Eqer RCA, WA)

f) y=Egc (Eqe RCA, WA, LA)

In Table 4 all the variables analyzed in the study are grouped, in addition it is seen how each
one of them has been combined to the different 6 generated models. As can be seen for the
models there are two possible cases: the first is to know the value of the compressive
strength of the concrete with its respective percentage of substitution and the second case is
to know a reference parameter, that is, the modulus of elasticity but without substitution of
NA by RCA.

2.2.2 Selection criteria of the generated models
Having the database completed and also the models that are intended to generate, a debugging
is performed. The Polimodels gives us a series of possible models to use; a brief discussion of
the different possible selection criteria will be made. We could consider the hypothesis-
contrast design as to the advantages of one model over another, but the loss of normality
derived from an absence of linearity in many of the resulting models, avoids the calculations
of being rigorous and formal. For this reason, any attempt in this sense cannot be more than a
mere approximation [26].

First, the value of the coefficient of determination R? is the most used estimator for regression
in the field of research. However, the only consideration of the coefficient of determination as a
measure of the goodness of the adjustment leads us to draw the wrong conclusions and the statement
that additional measures are needed to complete the analysis [28].

Generally speaking, the model with the lowest average residue must be chosen as the ‘best’
model to explain the phenomenon [25]. In this sense, several ‘distances’ can be established

Table 4: Summary table of dependent and independent variables.

Independent variables

Parameter Dependent

Model studied variable fore Ecc RCA WA LA

1 X X

2 X X X

3 Modqlqs of X X
Elasticity for Erc

4 RAC X

5 X

6 X X X

* 28-day compressive strength, splitting strength and modulus of elasticity.
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between the observed vector and the vector of estimated values; in other words, different
rules for the residue vector can be considered, which are defined in egxs. (1), (2) and (3).

lefl = el +ef +ef +.+ef. (1)
Jef, = max {abs(e,) abs(e, ), abs (e, ).....abse, )} @

||e||2 _ abs(e1)+abs(e2)+zla(bs(e3)+...+abs(ek). 3

Withe,,...,e, and k as the absolute value of the difference between the observed value and the
estimated value; k=1..n. being the number of observations.

It is in this sense that new indexes are sought that incorporate a measure of interpretation
more comfortable for the researcher, as is the case of the so-called Mean Absolute Percentage
Error (MAPE) for regression models [29], which is defined by eqgx. (4).

abs (elj+abs [eZJ+abs [63}+ ...abs (ek]
MAPE — Y1 Y, Ys Y« ' @)

k

With e,,...,e, and Kk as the absolute value of the difference between the observed value and
the estimated value; y,,....y, are the observed value and k=1..n. is the number of
observations.

As can be seen, e, /y, -100 is a measure of the percentage of error committed with respect to
our observed variable, y,, is in this sense that MAPE is chosen as the measure of discrimination
and selection criteria.

3 RESULTS AND DISCUSSION

In the results presented below, we can see two parameters that have been crucial choosing
the best model. It is provided the value of R? that although how is explained in detail, is
not as representative, has helped us to make inferences as to which model to take but the
parameter of choice has been the value of MAPE. Each model has been chosen in such a
way that its MAPE is the minimum, as a direct measure that helps us to know how much
is the percentage error that is committed between the observed variable and that of the
model under study.

3.1 Models of modulus of elasticity taking as reference parameter f_ .

Usually, concrete incorporating recycled aggregates has a lower modulus of elasticity than concretes
made of conventional aggregates. The modulus of elasticity is related to aggregates and the stiffness
of the mortar. According to Bairagi et al. [30] the weakness of the new interfaces between the new
mortar and the RAC with the old mortar can cause the development of cracks that affect the
deformability of the concrete. This reduction is dependent of the compressive strength of the concrete
giving a smaller reduction to higher strengths.

Figure 2 shows the relative modulus of elasticity of the concretes used for the study. The
majority of RAC’s have a modulus of elasticity lower than its reference (0% RAC) and only
in specific cases exceed the value of the reference concrete.
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Figure 2: Relative modulus of elasticity of concrete vs coarse RCA content

Models 1, 2 and 3 for E.. prediction based on the compressive strength of the RAC with
the same percentage of substitution and the properties of the recycled aggregate are described
in the following equations.

Model 1: En. = f,-RCA + B, -f. o +5;
Model 2: E,. = B, - WA + B, -RCA + /B, -f_ oc +(B, WA -RCA)
Model 3: Eq. = /B, - WA + 8, -LA* + B, -RCA* + B, -f_ oo +(Bs -f. e -RCA)

Models 4, 5 and 6 for E, prediction as a function of the modulus of elasticity of the reference
concrete E_CC, perce_ntage of recycled aggregate replacement and its properties are described in
the following equations.

Model 4: E,. = B,-RCA? + B, -E.. +(B, -RCA-E.)
Model 5: En. = f, WA + 8, -RCA? + B, -E, o +(B, -E. o -RCA)
Model 6: Eo = B,-WA® + B, -LA* + B, -RCA + B, -E... +(B,-LA -RCA)

Table 5 shows the coefficients of the different models generated. The data obtained from the
literature were compared with the results of the different models. Figure 3 shows the elastic
modulus data observed and those calculated using the prediction models described above.

As can be appreciated, the models try to be as simple and clear as possible, so that their
application is direct. In Fig. 3 the observed and calculated values are compared and it can be
seen the 6 models with their respective MAPE and R?, and their adjustment by adding each
one of the variables. How was mentioned previously, the value of MAPE would be taken as
the reference parameter because it is a more reliable measure of the correlation between
observed and calculated values [28]. In addition, as a complementary measure, the value of
R? is calculated.
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Table 5: Prediction coefficients for models 1, 2, 3, 4,5y 6.

Models B, B, Bs B, Bs
Model 1 -7.55-10t 2.04-107 - - -
Model 2 8.05-102 -3.78:10! 2.15.107 -8.92 -
Model 3 6.71-107 -7.45.10* 3.75-10° 4.88-102 -3.75
Model 4 2.62:10°1 9.98:101 -0.34-10°3 - -
Model 5 -4.68-102 1.51.101 1.06 -2.74-10°3 -
Model 6 2.03 -3.81.10* 1.25:102 1.00 -5.84

Figure 3: Prediction of calculated values and observed values of modulus of elasticity of the
models 1, 2, 3, 4, 5 and 6.

Figure 4 shows the values of R2 and MAPE for all the different models generated (1, 2,
3,4, 5 and 6) in which, as variables are added to our prediction model. As can be observed
there is a decrease in the MAPE values and at the same time an increase in the value of R?.
Mainly because R? and the number of data, usually vary inversely [28] in the same way
number of variables also conditions this coefficient since R? is a non-decreasing function
of the number of regressor variables present in the model, so that as the number of variables
increases, R? increases [28]. According to this, R2 measures the explanatory capacity of the
different variables X, on the variable Y, this because introducing another regressive variable
in the model, the explanatory level will be greater between the two, than with the first, or
in any case, will not diminish because the first variable continues as explanatory. In
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Figure 4: Coefficient of determination (R?) and percentage of Mean Absolute Percentage
Error (MAPE) as a function of the number of variables for the Modulus of Elasticity
prediction models.

addition, it can be appreciated how MAPE decreases as the number of explanatory variables
increases.

4 CONCLUSIONS
In this paper, the main objective has been to predict the modulus of elasticity of RAC. In order
to do this, different studies that cover a wide range of results in the mechanical properties of
RAC have been selected in order to obtain nonlinear models that can be adapted to the majority
of RAC.

It has been taken into account, not only the percentage of incorporation of recycled aggregate
and its physical properties, but also the modulus of elasticity of the reference concrete from
which it is intended to replace part of the natural aggregate by recycled aggregate.

The nonlinear models obtained are able to predict the modulus of elasticity of RAC knowing
the physical properties of the RCA, the RCA content and knowing the modulus of elasticity of
the reference concrete (0% RCA). This is an economic saving for the producers since it would
not be necessary to manufacture RAC to estimate the value of its modulus of elasticity.

The greater knowledge on the properties of the RCA, such as the WA and LA values, pro-
vides nonlinear models with a lower MAPE and a higher value of R2, so we can state that the
selection of these variables as explanatory of the modulus of elasticity is completely correct.

These models allow engineers to estimate the modulus of elasticity of recycled concrete as
a function of the content of recycled aggregate and the knowledge of the properties of this
one (WA and LA).
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FREE VIBRATIONS OF STEPPED NANO-BEAMS

JAAN LELLEP & ARTUR LENBAUM
Institute of Mathematics and Statistics, University of Tartu, Estonia.

ABSTRACT
Free vibrations of beams and rods made of nano-materials are investigated. It is assumed that the
dimensions of cross sections of nano-beams are piecewise constant and that the beams are weakened
with cracks. It is expected that the vibrational behaviour of the nano-material can be described within
the non-local theory of elasticity and that the crack induces additional local compliance. The latter is
coupled with the stress intensity coefficient at the crack tip.
Keywords: beam, crack, non-local elasticity, nano-material, vibration.

1 INTRODUCTION

In the recent decade there has been considerable progress in the use of nano-plates and
nano-beams due to the need of micro- and nano-electromechanical systems. It is known that
the behaviour of nano-structures can be modelled with non-local theories of elasticity (see
Eringen [1, 2], Reddy [3]). Lim [4, 5] has developed non-local bending theories and applied
these for quasistatically loaded nano-beams. Buckling of nano-beams was studied with the
help of non-linear non-local models by Reddy [3], Emam [6], Challamel et al. [7]. Analyti-
cal solutions for the transverse vibration of simply supported and clamped at both ends
nano-beams with axial force are obtained by Li et al. [8], Lu et al. [9]. In Ref. [10] the Ritz
method is accommodated for buckling and vibration of non-local beams. The vibrations of
nano-beams with cracks are studied in Ref. [11] making use of the non-local theory of elas-
ticity. In the present paper the free vibrations of nano-beams clamped at both ends are
investigated. It is assumed that the nano-beams have stepped cross sections and that the
beams are weakened with cracks located at the corners of steps.

2 PROBLEM FORMULATION
Let us consider natural vibrations of a nano-beam of length I. The edges of the beam at x =0
and x = | are fully clamped. The coordinate axis Ox coincides with the axis of corresponding
straight beam; the onset of coordinates is located at the centre of the left-hand end of the
beam. It is assumed that the nano-beam has rectangular cross sections with the width b and
the height

he h,. X e(O,a), )
h,x e(al).

In eqn. (1) the quantities hy,h, and a are considered as given numbers. The nano-beam is
weakened with a crack of length ¢ at x =a. The crack length is expected to be constant. Thus
the crack area is

S, =ch. @)

The aim of the study is to determine the eigenfrequencies of natural vibrations of the nano-
beam and to clarify the sensitivity of eigenfrequencies on the geometrical parameters of the
beam and on the physical parameters of the material. The material of the nano-beam is
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assumed to be an elastic material obeying the constitutional equations of a non-local theory
of elasticity (see Eringen [2], Lellep & Lenbaum [12]).

3 EQUATION OF MOTION
It was shown in the previous study by the authors [12] that the constitutional equations of
non-local elasticity lead to the equation
o°M
1o Me

©)

where M stands for the bending moment and M is the moment calculated by the rules of the
classical bending theory of thin-walled beams. Evidently (see Ref. [12]) the bending moment
M. and the deflection w are coupled as
ow
M. =-El pE 4)

where E is the Young’s modulus and | stands for the moment of inertia of the cross section
of the beam. In eqn (3) n is a material constant (it is connected with the dimensions of the
lattice of the nano-material). Combining eqns (3) and (4) one can write
o°M o'w
M=n—7>-El —-. 5
Tox? ox? ©)
On the other hand, it follows from the equilibrium equations (see Ref. [8]), that

oM o'w o'w
= — N . 6
a: D ax ©
In egn (6) u = pbh stands for the mass per unit length of the nano-beam and p being the
density of the material. Here t denotes time and N is the axial tension applied at the edges of
the beam. Substituting egn (6) into eqn (5) results in

M :n(—NW"+yVV)—EIW", (7)
where the notation
, Ow
w'=—,
OX
ow
W=— 8
- (8)

is used. Combining egns (6) and (7) one easily obtains
n(—NW'V +uv'\i")—EIW'V — it —Nw”. )
The latter can be presented in the form

(N +El)w" +u(v'v'—nv'\i")—Nw”=O. (10)
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This is the equation of motion for nano-beams. Taking n = 0 in egn (10), one obtains
Elw" —Nw"+ i =0. (11)

The latter is the equation of free vibrations of beams in the classical beam theory. The eqn
(10) can be solved with the method of separation of variables making use of appropriate
boundary conditions. In the case of beams clamped at both ends the boundary conditions are

W(O,t) = O,W’(O,t) =0 12)
and

w(Lt)=0w’'(l,t)=0. (13)

4 SOLUTION OF THE GOVERNING EQUATIONS
For solution of the linear fourth order differential equation with partial derivatives let us
assume that
w(x,t) =W, (x) T (t), (14)

]

where j =0 for x € (0,a) and j =1if x € (a,1). In eqn (14) the function W (x ) depends only
on x and the function T (t) is the function of time t. Differentiating eqn (14) with respect to
x and t one can easily recheck that

SLw ()T (1),
T i ()T (1)
T w ()T (),
W ()T (),
w7 (o),
aazt"zv —w, T (t). (15)

In eqns (15) on has to take j =0, if x €(0,a) and j =1, if x e (a,1). Substituting the deriva-
tives in egns (15) into egn (10), one obtains

(N +EL WY T+ g (W, T =i )=Nw” T =0, (16)



J. Lellep & A. Lenbaum, Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 4 (2018) 719

The separation of variables in eqn (16) leads to the equation

W-IV ”
(nN+E1) N

J WJ Wj T 2
= —=—0

{ an 1J T !
N1y
W, !

where o stands for the frequency of natural vibrations. It immediately follows from egn (17)
that

17

T+0°T =0 (18)

and

(MN +E1 WY -W]" (N = pne? ) - o'W, =0, (19)

It is reasonable to assume that at the initial time instant w (x,0) =0 ;w (x.,0)=v,. Taking
eqn (14) into account, one can assume that

T(0)=0T(0)=1. (20)

Evidently, the particular solution of eqn (18) satisfying the initial conditions in egn (20) can
be presented as

T (t)=%sin(a)t). (21)

The egn (19) is a linear fourth order differential equation with constant coefficients. The
characteristic equation corresponding to egn (19) has the form

(nN +E1; )" =247 (N - yno’ ) - o’ =0. (22)
The roots of the characteristic equation (22) are
Ay, =19, 4, =FiB;, (23)
where i is the imaginary unit,
9]_ = —1 [N —ujna)z +AJ (24)
2(nN +El)

and

N +unw’ +A,
j:\/#. (25)

2(nN +El))

In egns (24) and (25) for the briefness sake the notation

A, :\/(N —,ujncoz)z +4p,0° (nN +Elj) (26)
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is used. Taking eqns (22)—(26) into account, one can present the general solution of eqn (19)
as

W (x) =C,; cosh 8, x +C,; sinh 9x+C,; c0s £ x +C,; sin x 27)
for x €S;, provided S, =[0,a], S, =[a,1]. In order to define particular solutions for regions
S, and S, one has to satisfy the boundary conditions in eqns (12) and (13), also the boundary

conditions for M (x,t) and the appropriate continuity requirements for the deflection and
bending moment.

5 INTERMEDIATE CONDITIONS
For modelling the influence of the crack on the eigenfrequencies the method of distributed
line springs suggested by Dimarogonas and his co-workers [13] will be used. According to
this method, one has to introduce the additional compliance K, so that

w'(a+0,t)-w'(a-0,t)=-KM (at), (28)

where

w'(a£0,t)= lim w'(x,t). (29)

x—a+0

Making use of egns (7) and (14), one can introduce functions m, (x) so that
M (x,t)=m, (x)T (t), (30)
where
m; (x) = —nue"W —(nN +El; )W " (31)

for x €S; ;j=0,1. The relations in eqns (14), (30) and (31) admit to present the requirement
inegn (28) as

W'(a+)-W'(a-) =K (nue’W (a=)+(nN +El, )W " (a-)). (32)

Since the bending moment M is considered at x =a, at any time instant, one gets
m, (a+)=m, (a—), or according to eqn (31)

[nue™W (a)]+[(nN +E1W"(a)] =0, (33)

here square brackets denote the finite jump of corresponding quantity. This means that

[v(a)]=y (a+0)+y (a-0) (34)

for any variable y =y (x) Due to their physical background, it is clear that the deflection
w (x) and the shear force Q =M " are continuous as well. Thus one has

(W (a)]=0 (35)
and

[nue™W ' (a) [+[ (nN +E1W "(a) ] =0. (36)
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Following Dimarogonas [13], also Lellep and Kraav [14], Lellep and Liyvapuu [15], the
additional compliance caused by the crack is evaluated as

~ 67rh(l—v2)f
Ke—"Ff— (s), 37)

where | =min(1,,1,), h=min(hy,h,)and

f (s):ijz(y)dy. (38)

The function F = F (s) is obtained with the help of experimental data. In the current paper, as
in[12]

F(s)=1.93-3.07s+14.53s* - 25.11s° + 25.8s". (39)

6 NATURAL FREQUENCIES OF THE NANO-BEAM
In order to define the eigenfrequencies of the vibration, one has to specify the constants
C; (i =1...,4;j= O,l) in egn (27). Making use of the boundary conditions in eqns (12) and
(13) and taking into account eqns (14) and (27), one easily obtains

Cso = _Clo!
15
Cp= —?:CZO (40)

and
C,, cosh &1+C,, sinh &1+ C, cos Z1+C,; sin 41 =0,

C,, 0 sinh ¥1+C,, ¢ cosh &1 -C,, 4 sin f1+C,, /4 cos 41 =0. (41)

Due to the continuity of the displacement W and the shear force at x = a, one has to take into
account the requirements

(W (a)]=0,
[M'(a)]=0, (42)

where according to eqn (30) M’ =m’ (x)T (t). It is worthwhile to mention, that the total set
of boundary and intermediate requirements, which consists of eqns (32), (33) and (40) — (42),
is a linear system of algebraic equations with respect to unknown constants
Cis--Cy ;Cyy,-..,.C,,. Since itis a linear homogenous system, the non-trivial solution exists
under the condition, that the determinant A of this vanishes. Equalizing A =0 leads to the
equation for determination of natural frequencies.

7 DISCUSSION
The obtained set of algebraic equations is solved numerically with the aid of the computer
program Mathcad. Numerical results are obtained for the nano-beam with dimensions
| =500nm,b =10nm and the material constant \/ﬁ =2nm. The results of calculations are
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presented in Figs 1-5, where the lowest eigenfrequency  is depicted. Here the stepped

. . . . c .
nano-beam with thicknesses h, = 50nm, h, =y -h, is investigated, where s = 0 and a is the
0

point at which the crack occurs. In Figs 1- 4 the density of the material is p = 7850k—g3 and
m

Young’s modulus E = 200GPa. Figures 1 and 3 correspond to the case where y =1.2. Differ-
ent curves in Figs 1 and 3 correspond to the crack extension s=0.2 ;s=0.3 and s =0.4. It
can be seen from Figs 1 and 3 that the shorter is the crack the higher is the natural frequency
of vibration. The dependence of the eigenfrequency on the axial force N and the crack loca-
tion a can be seen in Figs 1 and 3, respectively. In Figs 2 and 4 different curves correspond to

Figure 1: Influence of the axial force on the eigenfrequency for different crack extensions.

Figure 2: Influence of the axial force on the eigenfrequency for different ratios of thicknesses.
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Figure 3: Influence of the crack location on the eigenfrequency for different crack extensions.

Figure 4: Influence of the crack location on the eigenfrequency for different ratios of
thicknesses.

the different ratios of thicknesses and a fixed crack extension s =0.2. It shows from Figs 2
and 4 that a higher ratio of thickness corresponds to a higher frequency. The eigenfrequency
versus the axial force N (see Fig. 2) and the step location a (see Fig. 4) can be observed here
as well. Also an example for the case of a nano-beam with constant thickness is presented in
each of Figs 1-4. In Fig. 5 the dependence of the eigenfrequency on the material of the nano-
beam is depicted for a case where y =1.2, s = 0.2 and the axial force N =500nN . Different
curves in Fig. 5 correspond to a nano-beam made of iron, copper, zinc or nickel,
respectively.
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Figure 5: Influence of the crack location on the eigenfrequency for nano-beams made of
different materials.

8 CONCLUDING REMARKS
A vibration analysis of nano-beams clamped at both ends was undertaken in the case of
stepped beams with stable cracks or crack-like defects. It was shown that the defects have
essential influence on the eigenfrequencies of nano-beams. Calculations carried out showed,
that the lowest eigenfrequencies correspond to nano-beams with more severe defects. It was
revealed that the higher is the tension applied to the nano-beam the higher is the frequency of
natural vibrations.
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ABSTRACT

In this work, numerical models were obtained for describing the segregation phenomenon in
lightweight aggregate concrete. To that end, a numerical methodology based on the generation
of geometric models of finite elements has been applied, selecting those that describe better this
phenomenon. The use of lightweight aggregate concretes (LWC) allows greater design flexibility and
substantial cost savings. It is also well known that it contributes to a positive impact on the energy
consumption of a building due to the high-thermal resistance values. However, lightweight concretes
are susceptible to present aggregate segregation due to density differences between its components during
concrete vibration. Segregation in concrete may strongly affect the concrete global properties. This fact justi-
fies the needs for the identification and quantification of this phenomenon, in order to estimate the concrete
segregation experimentally, a LWC was mixed in laboratory conditions. Controlled segregation was caused
applying different times of internal vibration in a cylinder specimen. The specimens were horizontally
sectioned in order to obtain the density in each section because the segregation index can be estimated
obtaining a relation by comparing the densities of the upper and lower parts. Firstly, ANOVA test was
performed to determine the statistical significance (p<0.05) of the differences in the density of the
different sections, differences in the aggregate type and differences in the time of concrete vibration.
Results show that there is a significant difference of each section and there is no significant difference
of each lightweight aggregate used to mix the concrete in spite of their different density. In order to
model the segregation in the LWC, at first, linear models were considered and rejected because for
not explaining the phenomenon. However, the application of numerical models shows good results to
describe the phenomenon of segregation in LWC.

Keywords: ANOVA, compactation, lightweight concrete, prediction models, segregation, vibration.

1 INTRODUCTION
The history of lightweight concrete dates back to over 3000 years ago [1, 2]. Structural LWC
has been widely used following advances in production technology for lightweight aggregates
(LWA). Several advantages of LWC can be achieved, to reduce dead load for structures [3], the
reduction of the density produce an increase in the thermal resistance of the concrete and
increase the energy efficiency of buildings with this kind of material. But this kind of concrete
tends to segregate due to the low density of the aggregates of the mixture.

After concrete placement, concrete can contain up to 20% of entrapped air. This percentage
varies according to the type of the concrete. The vibration of the concrete can improve the
compressive strength about 3-5% for each percent of entrapped air removed. Vibration produce
a settled concrete and entrapped air is forced to the surface and allow the concrete to move into
formwork and eliminate the bigger voids.

A homogeneous and randomly oriented aggregate distribution can improve the mechanical
properties, durability, stability and impermeability of concrete [4]. Eurolightcon [5] emphasizes
the importance of homogeneity among the constituents of lightweight concrete. During the
mixing of LWC, due to the low density of the aggregates used and the longer mixing times

© 2018 WIT Press, www.witpress.com
ISSN: 2046-0546 (paper format), ISSN: 2046-0554 (online), http://www.witpress.com/journals
DOI: 10.2495/CMEM-V6-N4-726-736
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Figure 1: Segregation of concrete. Upper and lower slice in concrete specimen.

[6], the LWC is susceptible to the segregation of the aggregates as a result of the differences
between the densities of their components. In fact, during the vibration of the concrete, light-
weight aggregates tend to float.

According to Panesar and Shindman [7], segregated concretes are susceptible to an
increased risk of cracking by cause of the separation of the aggregates from the rest of the
mixture. To quantify the phenomenon of segregation, Ke and Beaucour propose several
methods to determine segregation index [6]. In one of the methods to determine segregation
index, the densities obtained from the upper and lower slices of a cylinder can be used. This
segregation index can be calculated by Equation (1), as can be seen in Fig. 1.

|, = Lo )

s
p bottom

where 1 is the segregation index, p,  is the density of the upper slice of the cylinder of concrete
and pp.om 1S the density of the lower slice of the cylinder of concrete.

The main objective of this study was to evaluate the possibility of using linear models or
numerical models, based on experimental data, to determine the density of different sections
of a segregated lightweight concrete in order to evaluate the segregation index knowing the
vibration time of the concrete and the type of aggregate used in the mixture.

2 MATERIALS

Four different types of lightweight aggregates (LWA) of expanded clay having different densi-
ties as a coarse aggregate (M, LTM, HS and LTHS) and natural fine limestone aggregate were
used to make several LWCs. Their main properties are listed in Table 1. Bulk density was deter-
mined by UNE EN 1097-3 [8]; dry particle density and 24 h absorption were determined by
UNE EN 1097-6 [9] (pre-dried particles immersed in still water); absolute density was deter-
mined with Helio pycnometer; and the fraction of the aggregates was determined by UNE EN
933-1 [10].
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Table 1: Geometrical and physical characteristics of aggregates used.

Bulk Absolute Particle 24 h water

Aggre- density density (kg/ density absorption Granulometric
gate type  (kg/md) m?3) (kg/ md) (%) fraction (d/D,)
M 269 2573 482 36.60 6/10

LTM 276 2656 613 29.55 4/12

HS 610 2674 1019 12.20 4/10

LTHS 676 2667 1118 11.05 4/10

Lime- 1610 2661 2708 0.12 0/4

stone

Table 2: Mix proportions of the different LWCs.
Concrete type Cement (kg/m3) Water (kg/m3) Fine aggregate (kg/m3) LWA (kg/m?®)

LW-M 350 210 991.1 148.9
LW-LTM 350 210 938.6 201.4
LW-HS 350 210 723.9 416.2
LW-LTHS 350 210 662.0 473.0

The experimental campaign involved the characterisation of concrete made with coarse
LWA. Four types of concretes (with each LWA) with the same w/c ratio, cement content
(CEM 1 52.5 SR with an absolute density of 3176 kg/m3) and fine aggregate were produced
(Table 2) using the Fanjul method [11] in order to produce LWC with a target density of
1700 kg/mé,

The wic ratio relates to the effective water available for cement hydration. Due to the high
absorption of the expanded clay, the LWA pre-soaked for 7 days in order to control the work-
ability and effective w/c ratio of concrete [12]. For better control of the water content in the
LWA, a day prior to mix the concrete, LWA were extended in a mesh for 20 min to reduce the
superficial water content and placed into hermetic plastic bags to prevent water loss. After-
wards, a LWA sample with superficial and internal water is weighed and placed in a sieve
covered by a paper filter sheet and vibrated for 15 s in order to remove the superficial water
content. The LWA sample was then weighed without superficial water and immediately after
that the sample was dried in an oven until a constant mass in order to obtain the internal water
content.

3 METHODOLOGY
3.1 Experimental procedure
The procedure is summarised in Fig. 2. The concretes were mixed in a vertical shaft mixer
(see Fig. 2, step 1). The mixing methodology for the concretes production consisted of: 1-min

mixing cement and fine aggregate, addition of the total calculated water followed by 2-min
mixing, addition of the coarse aggregate followed by 2-min mixing.
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The concrete was vibrated using internal vibratory needle. Six 150x300 mm cylinders
were cast for each mixture and were vibrated with six different times in one layer. Mixture
samples were vibrated for 5, 10, 20, 40, 80 and 160 s (see Fig. 2, step 2).

After demoulding at 24 h, the specimens were kept in water until testing. After 28 days,
each concrete specimen was saw-cut in horizontal slices in order to determine the density of
all of them (see Fig. 2, step 4).

As mentioned above, the specimens manufactured were sectioned into seven slices of 40
mm thickness, as shown in Fig. 2, step 4. Subsequently, the density of each of these sections
was determined by Equation (2).

mdi (2)

=
(mssd - msub)

where p;, is the section density, m is the dry mass of the concrete section, m., is the saturated
mass surface-dry of the concrete section and m_ is the submerged mass of the concrete
section.

3.2 Statistical analysis and numerical model approach

On the one hand, with the data obtained from the dry density of each section, type of aggregate,
time of vibration and number of section, differences in the density of the sections of LWC in
relation to the subpopulations defined in each of the other variable were analysed considering
them as factors. On the other hand, mathematical models have been generated to obtain
relationships between density of the LWC and factors, which will allow a better

Figure 2: Summary of the process carried out in the research.
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understanding of the phenomenon and make predictions. Generally, in the study and modelling
of systems, it is necessary to analyse and determine the relationship between the variables defined
by the Equation (3).

2= (Xp, Xppeee X)) @)
and of which only the experimental data are known as Equation (4) shows.
1 2 3 n
{zi,xi XX e X }i:1,2,...,p (4)

There are different methodologies to obtain models from the experimental data and they can
be analytically (mathematical equations) or numerically defined. The linear models did not
fit well to the experimental data, so it has been necessary to generated numerical models in
which the function is defined by its value at a finite set of points which allows the calculation
of the function value at any other point. The numerical models have been generated applying
the methodology presented by Villacampa et al. [13] and by Navarro-Gonzalez and
Villacampa [14].

3.2.1 Variance analysis

An analysis of the variance (one-way ANOVA) has been performed to determine if there are
significant differences in the densities regarding the following factors: type of aggregate, time
of vibration and section. SPPS software was used for the analysis.

For the study of the analysis of the variance, it is necessary that the dependent variable be
normally distributed in each group; that the homogeneity of the variances be fulfilled, i.e., the
variances must be equal in each group; and that the observations be independent. The test of
Levene uses the level of significance set a priori for the ANOVA (o = .05) to test the assumption
of homogeneity of variance for any factor. The results for the factor ‘section’ can be seen in
Table 3.

Since the assumption of equality of variances does not have statistically significant difference,
the statistics of Welch and Brown-Forsythe have been determined for each of the factors. They
indicate that there are only significant differences for the ‘section’ factor, as observed in
Table 4.

In order to obtain information on the sections that present significant differences between
them, the equality of variances between the subpopulations (or groups) is not verified.

Table 3: Levene’s test for equality of variances.

Dry density LWC (kg/m?®) Section
Levene dfl df2 Sig.
4409 6 161 ,000

Table 4: Robustness testing of the means equality (section factor).
Dry density LWC (kg/m?3) / section Statistics dfl df2 Sig.

Welch 11,417 6 70,868 ,000
Brown-Forsythe 14,158 6 134,426 ,000
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The statistic of Games-Howell has been determined, and it has been used an a priori alpha
level of significance of 0.05. This test allows to state that the difference of means is significant
in the 0.05 level between the following sections:

e The density of the section 1 has significant differences with the densities of the sections
4,5 ,6and?7.

e The density of the section 2 has significant differences with the densities of the sections
5,6and 7.

e The density of the section 3 has significant differences with the densities of the sections
5,6and 7.

o The density of the section 4 has significant differences with the density of the section 7.

This difference makes the segregation in concrete visible. Taking into account that the
first section is the upper section and the seventh section is the lower section in the LWC
cylinder specimen, significant differences can be obtained between the upper and the
lower slices.

3.2.2 Linear models

Linear regression models are mathematical models used to approximate a relationship
between a dependent variable, a set of independent or explanatory variables, and a random
error or perturbation term, as can be seen in Equation (5).

Y =B+ BX + X, +.e. +B.X, +¢€ )
In a linear regression model, the following assumptions must be fulfilled on the errors:

i) the mean of the error must be zero

ii) the variance of the error must be constant (homoscedasticity)
iii) the errors follow a normal distribution of zero mean and deviation ¢
iv) the errors associated with the values Y are independent.

An adjustment measure is the coefficient of determination R? equal to the square of the
correlation coefficient.

3.2.3 Numerical models
The numerical methodology developed by Villacampa et al. [14] generates n-dimensional
representation models. The methodology is based on the definition and generation of a
geometric model of finite elements described by Gonzéalez-Navarro and Villacampa [13]. The
representation model is determined in the nodes, allowing the calculation at any point by
using interpolation functions. The number of finite elements and nodes is determined by a
number ¢ called complexity of the model (Comp). For each value of complexity, a derived
numerical model exists. So the methodology starts with the generation of a geometric model
of finite elements defined in a hyper-cube. The meshing process generates a set of points
called nodes, where the model is determined. To do this, each interval is divided into ¢ sub-
intervals, where c is called the complexity of the model.

The number of elements and nodes is determined by the value of ¢c. Each model allows the
estimation of relationship values at the experimental points and the correspondent sum of
squared errors and determination coefficients can be calculated.
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With the above-mentioned experimental data and the methodology, numerical models have
been determined for different complexities. These models are models of representation of the
relationship showed in Equation (6).

Density = f(x,, X,, X;) (6)

where X, X, Y X, is the LWC section, time of vibration and aggregate type, respectively.

The following parameters have been compared in order to select the better models: the
coefficient of determination that measures the goodness of the fit is defined by the Equation
(7) and the absolute percentage error (MAPE) according to the Equation (8).

Numerical models have been generated for the complexities ¢ = 10, 15, 20, 25, 30, 35, 40,

45 and 50.
N/ \2
=
R2: i=1 (7)

MAPE = (8)

4 RESULTS AND DISCUSSION
4.1 One-way ANOVA

All the linear regression models between the density and the different variables were determined
(section, time of vibration and type of aggregate) by applying the regression method backward
that determines a model in which all the variables participate and after removing one by one
all the variables. The backward method was used to generate three linear models that only
explain a maximum of 34.6% of the data and in which the error is not normally distributed (it
does not follow a normal distribution). The linear models are presented in Equations (9-11)
and also can be seen in Fig. 3.

Density = 1428,586 + 56,923x, + 0.216x, — 12,244x, )
Density = 1439,926 + 56,923, - 12.244x, (10)
Density = 1409,316 + 56,923x, (11)

where X, is the section number, X, is the vibration time and X, is the aggregate type.

As can be observed, linear models to predict the density of the LWC in the different sections
studied and each type of aggregate were not useful due to the low coefficient of determination
(from 0.338 to 0.346) and do not describe the segregation phenomenon.

4.2 Numerical models

As mentioned above, the different complexity models up to 50 were studied in order to find
the better explanation of the density of the LWC in the different sections. As can be seen in
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Figure 3: Linear models from Equations (9-11).

Fig. 4, the higher the complexity model the higher the coefficient of determination (R?) and
the lower the absolute percentage error (MAPE). For models higher than 30 slightly growth
was observed, and probably, more noise is reproduced.

All models have a good fit because their coefficient of determination is between 0.88 and
0.99. Figure 5 shows the different models and the experimental density data.

The main goal in this research was to find a model capable of predicting the density knowing
the vibration time and the type of the aggregate. It can predict the density of the LWC from the
top to the bottom of the concrete specimen (seven different sections) so that the segregation
index can be determined according to Equation (1), of the whole specimen (knowing the time
of vibration and type of the aggregate). This makes it easier for engineers to know the state
of the LWC placed without drill core.

Figure 4: Evolution of MAPE and R? when the complexity model is increased.
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Figure 5: Experimental density vs. Modelled density with different complexity models.
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5 CONCLUSIONS

In this research, linear models and numerical models were studied in order to predict the density
of segregated lightweight concretes. Four types of lightweight aggregates, six different
vibration time in the LWC and seven sections were studied in order to predict the density
of the LWC in the different sections (from upper to lower). The statistical analysis showed
that significant difference can be found in upper sections from lower sections. However, linear
models were not suitable to describe the segregation phenomenon because explained up to the
34.6% of the experimental data. The described work provides an example on how numerical
models, with different complexity, can achieve up to 98.9% of explanation of the experimental
results. This research allows confirming that segregation phenomenon and segregation index
can be described using numerical models.

ACKNOWLEDGEMENTS
This research was funded by the University of Alicante (GRE13-03) and (VIGROB-256).
The authors wish to express their gratitude to Laterlite for supplying some samples used in
the tests that were carried out.

REFERENCES

[1] Chandra, S. & Berntsson, L., Lightweight aggregate concrete science, technology and
applications, Standard Publishers Distributors: Delhi, 2003.

[2] Yu, Q.L., Spiesz, P. & Brouwers, H.J.H., Ultra-lightweight concrete: conceptual design
and performance evaluation. Cement & Concrete Composites, 61, pp. 18-28, 2015.
https://doi.org/10.1016/j.cemconcomp.2015.04.012

[3] Yoon, .Y, Kim, J.H., Hwang, Y.Y. & Shin, D.K., Lightweight concrete produced using
a two-stage casting process. Materials, 8, pp. 1384-1397, 2015.
https://doi.org/10.3390/ma8041384

[4] Han,J., Wang, K., Wang, X. & Monteiro, J.M.P., 2D image analysis method for evaluating
coarse aggregate characteristic and distribution in concrete. Construction and Building
Materials, 127, pp. 30-42, 2016.
https://doi.org/10.1016/j.conbuildmat.2016.09.120

[5] Eurolightcon. Economic design and construction with lightweight aggregate concrete,
1998.

[6] Barbosa, F.S., Farage, M.C.R., Beaucour, A.-L. & Ortola, S., Evaluation of aggregate
gradation in lightweight concrete via image processing. Construction and Building
Materials, 29, pp. 7-11, 2012.
https://doi.org/10.1016/j.conbuildmat.2011.08.081

[7] Panesar, D.K. & Shindman, B., The effect of segregation on transport and durabil-
ity properties of self consolidating concrete. Cement and Concrete Research, 42(2),
pp. 252-264, 2012.
https://doi.org/10.1016/j.cemconres.2011.09.011

[8] Asociacién Espafiola de Normalizacion y Certificacion. UNE EN 1097-3 Ensayos para
determinar las propiedades mecéanicas y fisicas de los aridos. Parte 3: Determinacion
de la densidad aparente y la porosidad. Madrid: AENOR, 1999.

[9] Asociacién Espafiola de Normalizacion y Certificacion. UNE EN 1097-6 Ensayos para
determinar las propiedades mecéanicas y fisicas de los aridos. Parte 6: Determinacion
de la densidad de las particulas y la absorcion de agua. Madrid: AENOR, 2014,



736

[10]

[11]

[12]

[13]

[14]

A. J. Tenza-Abril, et al., Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 4 (2018)

Asociacién Espafiola de Normalizacidn y Certificacion. UNE EN 933-1 Ensayos para
determinar las propiedades geométricas de los aridos. Parte 1: Determinacion de la
granulometria de las particulas. Métodos del tamizado. Madrid: AENOR, 2006.
Fernandez-Fanjul, A. & Tenza-Abril, A.J., Méthode FANJUL: Dosage pondéral des
bétons légers et lourds. Annales du Batiment et des Travaux Publics, 5, pp. 32-50, 2012.
Bogas, J.A. & Gomes, A., A simple mix design method for structural lightweight aggre-
gate concrete. Materials and Structures, 46(11), pp. 1919-1932, 2013.
https://doi.org/10.1617/s11527-013-0029-1

Villacampa, Y., Navarro-Gonzélez, F.J. & Llorens, J., A geometric model for the genera-
tion of models defined in complex systems. Ecosystems and Sustainable Development
VII, 112, pp. 71-82, 2009.

https://doi.org/10.2495/eco090081

Navarro-Gonzalez, F.J. & Villacampa, Y., A new methodology for complex systems using
n-dimensional finite elements. Advances in Engineering Software, 48(1), pp. 52-57,
2012.

https://doi.org/10.1016/j.advengsoft.2012.02.001



P. D. Jadhav & J. M. Mallikarjuna, Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 4 (2018) 737-748

EFFECT OF FUEL INJECTOR HOLE DIAMETER AND
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PRIYANKA D. JADHAV & J. M. MALLIKARJUNA
Internal Combustion Engine Laboratory, Department of Mechanical Engineering,
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ABSTRACT

Performance and emission characteristics of a gasoline direct injection (GDI) engine are mainly
influenced by the in-cylinder mixture preparation. However, in these engines, mixture formation
depends upon many factors viz., fuel injection strategy and parameters, mode of operation, engine
geometry, etc. Therefore, understanding the mixture formation, under various engine operating
conditions and fuel system configurations, is very much essential. In this study, an attempt has been
made to understand the effect of fuel injector-hole diameter and fuel injection timing on the mixture
formation in a four-stroke, wall-guided GDI engine using computational fluid dynamics (CFD)
analysis. The CFD simulations are carried out from inlet valve opening (IVO) to exhaust valve
opening (EVO) period using the CONVERGE. The CFD models used are validated with the available
data from the literature. The engine considered has a compression ratio (CR) of 11.5. All the CFD simu-
lations are carried out at the engine speed of 2000 rev/min. Three fuel injector-hole diameters viz., 0.1,
0.14 and 0.18 mm and three fuel injection timings viz., 605, 620 and 635 crank angle degree (CAD)
are considered for the analysis. The mixture formation is analyzed in the vicinity of the spark plug and
at other parts of the combustion chamber. From the results, it is found that higher nozzle-hole diameter
yielded very rich mixture zones near spark plug. Also, lower nozzle-hole diameter and retarded fuel
injection timing showed higher indicated mean effective pressure (IMEP).

Keywords: combustion, fuel injection strategies, GDI engine, mixture stratification.

1 INTRODUCTION

Currently, gasoline direct injection (GDI) engines are preferred over the conventional port
fuel injection (PFI) engines, because of better performance and emission characteristics. GDI
engines are operated at two modes: homogeneous and stratified. In the stratification mode,
engine performance and emissions are mainly affected by the in-cylinder mixture formation
at the time of ignition [1]. But, the mixture stratification depends upon many factors viz.,
engine geometry, fuel injection strategy, engine operating conditions, etc., [2, 3]. Hence, it is
important to study the mixture stratification inside the combustion chamber to optimize
engine and operating parameters for better performance and emissions characteristics.

Previously, Krishna and Mallikarjuna [4] studied the effect of engine parameters on the
mixture stratification in a wall-guided GDI engine using CFD analysis. They developed a
parameter called “stratification index’ to quantify the mixture stratification. The simulations
were carried out at the engine speeds varying from 2000 to 4000 rev/min., with CRs of 10.5,
11.5and 12.5 and inlet air pressures of 1, 1.2 and 1.4 bar. Their results showed that the mixture
stratification in a wall-guided engine varied significantly with the engine speed and inlet air
pressure, whereas it was not much affected by CR. Costa et al. [5] analyzed mixture formation
and early flame development in a GDI engine through numerical simulations and ultraviolet
digital imaging under various fuel injection and ignition timings. They conducted experiments,
in a four-valve, single-cylinder wall-guided GDI engine, at full-throttle operation with the CR
of 10.5, the engine speed of 2000 rev/min., the fuel injection pressure of 100 bar and the

© 2018 WIT Press, www.witpress.com
ISSN: 2046-0546 (paper format), ISSN: 2046-0554 (online), http://www.witpress.com/journals
DOI: 10.2495/CMEM-V6-N4-737-748
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equivalence ratio of 1.1+1%. They reported that the early fuel injection resulted in the formation
of homogeneous mixture which led to stable combustion. Also, the stratified mixture increased
cycle-by-cycle variations. Li et al. [6] investigated experimentally the mixture formation under
split fuel injection in a GDI engine. The laser absorption and scattering (LAS) technique was
used to measure the concentration of liquid and vapor phase sprays. The laser-induced fluores-
cence-particle image velocimetry (LIF-PIV) technique was used for analyzing the fuel spray and
the flow of ambient air. The tests were carried out at various ambient pressures and temperatures,
fuel injection pressures and total fuel quantities. They reported that an optimum combustion in
a GDI engine could be achieved by using two fuel injection pulses. Costa et al. [7] investigated
experimentally the mixture preparation and combustion, in an optically accessed turbocharged GDI
engine, under various fuel injection pressures, and stoichiometric and lean mixture conditions.
Their results showed that the stoichiometric mixture resulted in higher heat release and NO
emissions, compared to that of lean mixture. Also, increasing fuel injection pressure and
advancing the ignition timing improved power output and cyclic variations and reduced CO
and soot emissions. Costa et al. [8] analyzed experimentally and numerically the effect of split
fuel injection on engine power output and emissions in a four-valve single-cylinder turbocharged
optical GDI engine. The tests were carried out at the engine speed of 2000 rev/min., fuel injection
pressure of 100 bar, full-throttle conditions and the equivalence ratio of 1.1. Fuel injection was
done in two stages during suction and compression strokes with equal mass of fuel. They
reported that the heat release rate could be enhanced by the proper choice of spark and fuel
injection timings.

From the above discussion, it is understood that, the mixture formation, in a GDI engine,
is influenced significantly by many engine conditions. Also, in a wall-guided GDI engine, it
mainly depends upon piston shape, engine speed, fuel injection strategy, etc. However, the
evaluation of simultaneous effect of fuel injection strategy and nozzle geometry on mixture
formation is rarely reported in the literature. Therefore, the present CFD analysis investigates
the effect of fuel injection timings and nozzle-hole diameter on the mixture formation in a
wall guided GDI engine.

2 CFD METHODOLOGY
2.1 Engine specifications

The present study considers a four-valve, four-stroke, pentroof head, single-cylinder wall
guided GDI engine. Table 1 shows the engine specifications used in this study [5].

Table 1: Engine specifications (Costa et al., [5]).

Stroke (mm) 79

Bore (mm) 81.3

Connecting rod length (mm) 143

Compression ratio 10.6:1

Number of valves 4

Inlet valve opening (1VO) 3 CAD before TDC
Inlet valve closing (1VC) 36 CAD after BDC
Exhaust valve opening (EVO) 27 CAD before TDC

Exhaust valve closing (EVC) 0 CAD after TDC
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Figure 1: Engine computational domain.

2.2 Geometric Modelling and Meshing

The engine computational domain is modelled using the PTC-CREO as shown in Fig. 1. The
full cycle CFD simulations are carried out using the CONVERGE. In the CONVERGE, the
complex geometrical intersections are represented using a modified cut-cell Cartesian grid
generation method. Two million cells are generated with the base mesh size of 4 mm. The
velocity and temperature gradients during valve motion, fuel spray and combustion processes
are captured using adaptive mesh refinement using maximum and minimum mesh sizes of
1 and 0.125 mm, respectively.

2.3 Boundary conditions

The intake pressure of 1 bar and intake temperature of 310 K are used. Exhaust gas is assumed
to be delivered at the atmospheric pressure and at the temperature of 366 K. The engine speed
of 2000 rev/min., compression ratio of 11.5 and equivalence ratio of 0.75 + 0.05 are kept
constant throughout the analysis.

2.4 CFD models considered

In-cylinder incompressible flow modelling considers the following governing equation [9].

0 . .

%+dlv(p(pu)=dlv(l"grad(p)+5¢ Q)
The RNG k-¢ turbulence model is used to capture the in-cylinder turbulent flow characteristics
[10, 11]. The macroscopic fuel spray characteristics are predicted using the KH-RT spray
breakup model [12]. Fuel spray wall impingement is predicted by the model developed by
O’Rourke and Amsden [13, 14]. Table 2 summarises the other CFD models used in the present
studly.

2.5 Validation of the CFD models

The CFD models used in the present study are validated by comparing the CFD predicted
in-cylinder pressures with that of the experimental results of Costa et al. [5]. Figure 2 shows
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Table 2: CFD models used.

Spray break-up model Kelvin-Helmholtz and Rayleigh-Taylor (KH-RT)
Spray evaporation model Frossling model

Spray collision model O’Rourke

Spray wall impingement model O’Rourke and Amsden

Turbulence model RNG k-¢

Combustion model Detailed chemical kinetics SAGE

Figure 2: Comparison of in-cylinder pressures.

the comparison of the in-cylinder pressure traces obtained by Costa et al. [5] and that of the
present study at the engine speed of 2000 rev/min., and the CR of 10.6. Both the results are
in reasonably good agreement.

In addition, for the similar engine and the CFD models, Krishna and Mallikarjuna [4]
predicted the spatial distribution of ER, at the time of ignition (710 CAD) using CFD
analysis and compared it with that of the Costa et al. [5], as shown in Fig. 3. From Fig. 3,
it is seen that, the ER distribution plots from the previous studies [4, 5] are in reasonably good
agreement. Therefore, the CFD models can be used confidently for further CFD simulations.

2.6 Operating conditions

The effect of nozzle-hole diameter and start of injection (SOI) on in-cylinder pressure,
in-cylinder mean temperature, heat release rate, etc., is investigated at 2000 rev/min., and at
equivalence ratio of 0.75+£0.05. The compression ratio of 11.5, the fuel injection pressure of
90 bar and the spark timing at 710 CAD are kept constant throughout the study. The three
nozzle-hole diameters of 0.1, 0.14 and 0.18 mm are used along with the SQOls of 605, 620 and
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Figure 3: Comparison of ER distribution on the vertical central plane at the time of spark.

635 CAD. For comparison of results, the nozzle-hole diameter of 0.1 mm and the SOI of 605
CAD are considered as the basis.

3 RESULTS AND DISCUSSION
3.1 Effect of nozzle-hole diameter and fuel injection timing on in-cylinder pressure

Figure 4(a) shows the comparison of in-cylinder pressures at various fuel injector nozzle-hole
diameters, at the SOI of 605 CAD. From Fig. 4(a), it is seen that, as the nozzle-hole diameter
increases, the rate of pressure rise (slope of the curve) and the peak in-cylinder pressure reduces.
This is because, when the nozzle-hole diameter increases, the fuel droplet size increases and
thereby fuel atomization reduces, resulting in poor air-fuel mixing and combustion. Therefore,
the nozzle-hole diameter of 0.1 mm is considered as the optimum one and used for the further analysis.
From Fig. 4(a), it is found that, at the nozzle-hole diameters of 0.14 and 0.18 mm, in-cyl-
inder peak pressures decrease by about 14 and 22.3% respectively, compared to that of the
nozzle-hole diameter of 0.1 mm.

Figure 4(b) shows the comparison of in-cylinder pressures for various SOIs and the
nozzle-hole diameter of 0.1 mm. From Fig. 4(b), it is seen that, for the nozzle-hole diameter of
0.1 mm, the peak in-cylinder pressure and rate of pressure rise are higher at a particular SOI (can be
considered as the optimum). When the SOI is retarded or advanced from the optimum SOI,
both the peak in-cylinder pressure and rate of pressure rise reduce. From Fig. 4(b), it is found
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Figure 4: Comparison of in-cylinder pressures.

that, at the optimum SOI of 620 CAD, the in-cylinder peak pressure increases by about
19.6% and at the SOI of 635 CAD it decreases by about 45.8%, compared to that of the SOI
of 605 CAD.

3.2 Effect of nozzle-hole diameter and fuel injection timing on mean in-cylinder
temperature

Figure 5(a) shows the comparison of mean in-cylinder temperatures for various fuel injector
nozzle-hole diameters, at the SOI of 605 CAD. From Fig. 5(a), it is seen that, at the SOI of
605 CAD, with the increase in nozzle-hole diameter, the in-cylinder mean temperature
reduces. This is again because of poor fuel atomization at higher nozzle-hole diameters,
which results in poor fuel evaporation, mixing and combustion. From Fig. 5(a), it is found
that, the peak in-cylinder temperature decreases by about 3.3 and 6.5%, for the nozzle-hole
diameters of 0.14 and 0.18 mm, respectively, compared to that of nozzle-hole diameter of 0.1
mm.

Figure 5(b) shows the comparison of mean in-cylinder temperatures for various SOIs and
the nozzle-hole diameter of 0.1 mm. From Fig. 5(b), it is seen that the in-cylinder temperature is
more at the optimum SOI (620 CAD), similar to the trend of in-cylinder pressure, compared to

Figure 5: Comparison of mean in-cylinder temperatures.
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that of the SOI of 605 CAD. However, at the SOI of 635 CAD, there is no combustion. This
is because, when the SOI is more retarded, the mixture at vicinity of the spark plug may not
be in the combustible range, which due to less time available for the mixture formation. From
Fig. 5(b), it is found that at the SOI of 620 CAD, peak in-cylinder temperature increases by
about 9%, whereas at the SOI of 635 CAD it decreases by about 56.3%, compared to that of
the SOI of 605 CAD.

3.3 Effect of nozzle-hole diameter and fuel injection timing on heat release rate

Figure 6(a) shows the comparison of heat release rates for various fuel injector nozzle-hole
diameters, at the SOI of 605 CAD. From Fig. 6(a), it is seen that at the SOI of 605 CAD,
with the increase in the nozzle-hole diameter, the heat release rate reduces. This is because,
as the nozzle-hole diameter increases, the fuel droplet size increases resulting in poor
atomization and combustion, which leads to reduced heat release rate. From Fig. 6(a), it is
found that the peak heat release rate decreases by about 6.6 and 13.1%, for the nozzle-hole
diameters of 0.14 and 0.18 mm, respectively, compared to that of nozzle-hole diameter of
0.1 mm.

Figure 6(b) shows the comparison of heat release rates for various SOIs, at the nozzle-hole
diameter of 0.1 mm. From Fig. 6(b), it is seen that the heat release rate is more at the optimum
SOl (620 CAD). At the SOI of 635 CAD, as mentioned earlier, there may not be combustible
mixture near the spark plug, leading to no combustion. From Fig. 6(b), it is found that at the
SOI of 620 CAD, heat release rate increases by about 7.1%, compared to that of the SOI of
605 CAD.

3.4 Effect of nozzle-hole diameter and fuel injection timing on stratification index

Here, the mixture distribution in the engine combustion chamber is expressed quantitatively,
using a parameter called stratification index (SI) [4]. Here, the Sl equal to 1 refers to an ideally
stratified mixture (representing equivalence ratio of the mixture near the spark plug is in the
combustible range and decreases away from the spark plug). The SI less than 1 represents
improperly stratified mixture (i.e., a lean mixture in the vicinity of the spark plug), whereas the
Sl greater than 1 represents a very rich mixture in the vicinity of the spark plug. Hence, an
optimum combustion needs the mixture distribution that has the SI close to 1.

Figure 6: Comparison of heat release rates.
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Figure 7: Comparison of stratification indices.

Figure 7(a) shows the comparison Sl at various fuel injector nozzle-hole diameters and the
SOl of 605 CAD. From Fig. 7(a), it is seen that as the nozzle-hole diameter increases, the Sl
increases. It means that the degree of richness of the mixture near the spark plug increases
with the increase in nozzle-hole diameter. From Fig. 7(a), it is seen that for the nozzle-hole
diameters 0f 0.14 and 0.18 mm, Sl isabout 1.7 and 1.74, respectively. Therefore, large nozzle-
hole diameter is not advisable.

Figure 7(b) shows the comparison of Sls for various SOIs. From Fig. 7(b), it is seen that for the
nozzle-hole diameter of 0.1 mm at the SOI of 605, the Sl is about 1.58 which represents that the
mixture is rich near the spark plug. At the SOI of 620 CAD, the Sl is equal to 1 which represents
that the mixture is properly stratified. At the SOI of 635, the Sl is about 1.92 which represents the
too rich mixture at the spark plug location and therefore no ignition and combustion. The SOI of
620 which results in the formation of a properly stratified mixture exhibits a high peak in-cylinder
pressure and temperature compared to all the other conditions considered. From Fig. 7(b), it is
found that at the SOI of 620 CAD, the Sl decreases by about 0.58 and at the SOI of 635, it increases
by about 0.34 compared to that of the SOI of 605 CAD.

3.5 Effect of nozzle-hole diameter and fuel injection timing on IMEP

Figure 8(a) shows the comparison IMEP at various fuel injector nozzle-hole diameters and
the SOI of 605 CAD. From Fig. 8(a), it is seen that, as the nozzle-hole diameter increases, the

Figure 8: Comparison of IMEPs.
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IMEP reduces. This is because, as discussed earlier, when the nozzle-hole diameter increases,
fuel droplet size increases leading to poor atomization, mixing and combustion, and thereby
the in-cylinder pressure decreases during the entire cycle and consequently reducing the
engine IMEP. From Fig. 8(a), it is found that, at the nozzle-hole diameters of 0.14 and 0.18
mm, the IMEP decreased by about 5.5 and 10.95%, respectively, compared to that of the
nozzle-hole diameter of 0.1 mm.

Figure 8(b) shows the comparison of the IMEP for various SOIs and the nozzle-hole diameter
of 0.1 mm. From Fig. 8(b), it is seen that for the nozzle-hole diameter of 0.1 mm, at the
optimum SOI of 620, the IMEP is higher, compared to that of the SOI of 605 CAD. Further
retardation of the SOI to 635 CAD, resulted in no combustion. From Fig. 8(b), it is found that at
the optimum SOI of 620 CAD, the IMEP increases by about 5.5% and it is insignificant at the
SOl of 635 CAD.

3.6 Effect of nozzle-hole diameter and fuel injection timing on NOx emissions

Figure 9(a) shows the comparison of NOx emissions, at various fuel injector nozzle-hole diameters
and the SOI of 605 CAD. From Fig. 9(a), it is seen that as the nozzle-hole diameter increases, the
NOx emissions reduce. This is because of the reduction in in-cylinder temperature at higher
nozzle-hole diameters (Fig. 5(a)). From Fig. 9(a), it is found that at the nozzle-hole diameters of
0.14 and 0.18 mm, the NOx emissions decrease by about 21 and 33%, respectively, compared to
that of the nozzle-hole diameter of 0.1 mm.

Figure 9(b) shows the comparison NOx emissions for various SOIls and the nozzle-hole
diameter of 0.1 mm. From Fig. 9(b), it is seen that at the nozzle-hole diameter of 0.1 mm, the
NOx emissions are higher at the SOI of 620 CAD, where the in-cylinder temperatures are
higher. At other two SOls, the NOx emissions are lower because of lower in-cylinder temperatures
(Fig. 5(b)). From Fig. 9(b), it is found that at the SOI of 620 CAD, the NOx emissions increase
by about 56.25%, compared to that of the SOI of 605 CAD. Off course at the SOI of 635
CAD, there exist no NOx emissions because there is no combustion.

3.7 Effect of nozzle-hole diameter and fuel injection timing on CO emissions

Figure 10(a) shows the comparison CO emissions, at various fuel injector nozzle-hole diameters
and the SOI of 605 CAD. From Fig. 10(a), it is seen that, as the nozzle-hole diameter increases,

Figure 9: Comparison of NOx emissions.
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Figure 10: Comparison of CO emissions.

the CO emissions increase. This is because of local rich zones occurring due to poor mixing
as a result of lower atomization with the increase in nozzle-hole diameter. From Fig. 10(a),
it is found that at the nozzle-hole diameters of 0.14 and 0.18 mm, CO emissions increase by
about 4 and 14.6%, respectively, compared to that of the nozzle-hole diameter of 0.1 mm.

Figure 10(b) shows the comparison of CO emissions, for various SOIs and at the nozzle-
hole diameter of 0.1 mm. From Fig. 10(b), it is seen that for the nozzle-hole diameter of 0.1
mm, the CO emissions decrease at the SOI of 620 CAD, whereas no CO emissions occur, at
the SOI of 635 CAD due to no combustion. From Fig. 10(b), it is found that at the SOI of
620 CAD, the CO emissions decrease by about 26%, compared to that of the SOI of 605
CAD.

3.8 Effect of nozzle-hole diameter and fuel injection timing on HC emissions

Figure 11(a) shows the comparison of HC emissions at various fuel injector nozzle-hole
diameters and the SOI of 605 CAD. From Fig. 11(a), it is seen that as the nozzle-hole diam-
eter increases, the HC emissions increase. This is because of improper fuel evaporation and
mixing with air at large nozzle-hole diameter due to poor atomization as mentioned earlier.
From Fig. 11(a), it is found that at the nozzle-hole diameters of 0.14 and 0.18 mm, the HC

Figure 11: Comparison of HC emissions.
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emissions increase by about 31 and 53.5%, respectively, compared to that of the
nozzle-hole diameter of 0.1 mm.

Figure 11(b) shows the comparison of HC emissions for various SOIs. From Fig. 11(b), it
is seen that for the nozzle-hole diameter of 0.1 mm, the HC emissions increase with the
retarded of SOI. This again because of less time available for fuel evaporation and mixing
with air, at the retarded SOI. From Fig. 11(b), it is found that at the SOI of 620 CAD, the HC
emissions increase by about 83%, compared to that of the SOI of 605 CAD. Also, high HC
emissions at the SOI of 635 CAD show the emission of unburnt fuel due to no combustion.

4 CONCLUSIONS
From the analysis of results, the following conclusions are drawn:

o At the SOI of 620 CAD, peak in-cylinder pressure increased by about 19.6%, and at the
SOl of 635 CAD, it decreased by about 45.8% compared to that of the SOI of 605 CAD.
At the nozzle-hole diameter of 0.14 and 0.18 mm, peak in-cylinder pressure decreased by
about 14 and 22.3%, respectively, compared to that of the nozzle-hole diameter of 0.1 mm.

¢ Atthe SOI of 620 CAD, the peak heat release rate increased by about 7.1% as compared to
that of the SOI of 605 CAD. At the nozzle-hole diameter of 0.14 and 0.18 mm, it decreased
by 9.7 and 14.5%, respectively, compared to that of the nozzle-hole diameter of 0.1 mm.

o At the SOI of 620 CAD, the IMEP increased by about 5.5%, compared to that of the SOI
of 605 CAD. At the nozzle-hole diameter of 0.14 and 0.18 mm, the IMEP decreased by
about 5.5 and 11%, respectively, compared to that of the nozzle-hole diameter of 0.1 mm.

o Atthe SOI of 620 CAD, the NOx emissions increased by about 56.3%, compared to that of
the SOI of 605 CAD. At the nozzle-hole diameter of 0.14 and 0.18 mm, the NOx emissions
decreased by about 22 and 33%, respectively, compared to that of the nozzle hole diameter
of 0.1 mm.

¢ At the SOI of 620 CAD, the CO emissions decreased by about 26%, compared to that of
the SOI of 605 CAD. At the nozzle-hole diameter of 0.14 and 0.18 mm, the CO emissions
increased by about 4.2 and 14.6%, respectively, compared to that of the nozzle-hole diameter
of 0.1 mm.

o At the SOI of 620 CAD, the HC emissions increased by about 83%, compared to that of
the SOI of 605 CAD. At the nozzle-hole diameter of 0.14 and 0.18 mm, the HC emissions
increased by about 31 and 53.5%, respectively, compared to that of at nozzle-hole diameter
of 0.1 mm.

o Finally, it is concluded that, the nozzle-hole diameter of 0.1 mm and the SOI of 620 CAD
is the optimum configuration, to have a properly stratified mixture and to improve the
indicated mean effective pressure, in the wall guided single-cylinder GDI engine.
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ABSTRACT

The problem of indentation of ductile materials by ball indenters is, in this paper, addressed by numer-
ical modelling. A finite element model is built using general purpose software. The axisymmetry
of the problem is taken into account thus reducing its dimensionality. Particular attention is given
to contact modelling as well as mesh design for optimal performance. The model is validated by
comparing its predictions to the exact elastic solution as well as experimental measurements from
elasto-plastic indentation tests. In the latter case, indenter imperfection is accounted for and mate-
rial input are stress-strain curves originating from tensile tests. The sensitivity of numerical results
to indenter elasticity is investigated. The effect of friction and specimen creep during indentation on
load-displacement predictions is also assessed.

Keywords: creep, elasto-plastic deformation, finite element modelling, friction, spherical indentation.

1 INTRODUCTION

The response of linear elastic materials during indentation can be predicted by exact elastic-
ity solutions as long as the indenter is described as a solid of revolution [1]. However,
modelling the indentation process in the elasto-plastic region is a more complex problem.
Since the constitutive equations are non-linear and a number of plastic properties must be
included to describe material behaviour, an analytical solution is not easily obtained. As a
result, understanding of elasto-plastic indentation behaviour can be better achieved through
finite element (FE) simulation.

Computer simulations of indentation tests are often associated with efforts to develop mate-
rial characterisation techniques based on indentation data [2-9]. In such context, FE modelling
of conical, pyramidal and spherical indentations has been extensively used to simulate exper-
iments and provide output suitable for the development of characterisation schemes applicable
to materials of various constitutions and compositions. However, critical issues relating to the
accuracy and reliability of the modelling have not always been discussed in great depth.

The subject matter of this paper is spherical indentations on ductile materials. The amount
of published numerical work in this area is considerable. For this reason, brief reference is
here made to a rather limited number of relevant publications. The aim is to highlight adopted
tools and assumptions regarding materials and their properties.

General purpose software has been routinely used and the axisymmetry of the problem
taken into account to reduce it into a two-dimensional one [2-3, 5-10]. The ball indenter has
been modelled as rigid [2-3, 7-8, 10, 12] or elastic [2, 5-6, 9, 11]; the indented specimen
elasto-plastic input was either obtained from tensile tests [8, 13] or conventionally built from
known material parameters [3, 5-7, 9]; friction between indenter and specimen was some-
times ignored [3, 7, 9, 12] but more often accounted for [2, 5, 6, 8, 10, 13]. Various mesh
schemes were applied to test and optimise the performance of the modelling [2, 9, 10].

The development of an FE analysis of the problem is here described in some detail. Par-
ticular attention is given to contact modelling as well as the shape, size and distribution of
elements. The model was validated by comparing its predictions to exact elastic solutions as
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well as experimental results from stainless steel and carbon steel samples, whose stress-
strain curves had been obtained by tensile testing. These curves were used as FE input to
simulate the process of indenting these materials by a sphere of 150 xm nominal radius.
Friction was found to have significant influence on pile-up. It was also shown that the agree-
ment between numerical and experimental results could be enhanced if the creep occurring
during indentation is taken into account.

2 MATERIAL SELECTION
Three types of steel were tested and analysed. They are two grades of mild steel, 43 A and 50
A, and a stainless steel, grade 316 L, supplied in plates of 8 mm thickness. Different grades
of steel were considered in order to cover a range of hardness. Steel chemical composition is
detailed in Table 1.

Sections taken from the supplied plates were metallographically prepared and examined
by optical microscopy. The rolling direction was determined by observing the orientation of
inclusions. The grain size was found equal to 10 to 15 xm. This was suitable as several grains
were thus included within an indent, which might typically be 70-120 x«m in diameter. Thus,
the indentation data reflected the average behaviour of the bulk metal as determined by a
tensile test, rather than the behaviour of a single grain.

3 TENSILE TESTING

Tensile tests provide reliable and realistic information on elasto-plastic characteristics, which
is essential input to the planned FE analysis. Tensile test samples with a circular cross-section
were machined from the as-received plates according to the ASTM specifications. They were
cut in their rolling direction with a gauge length of 25 mm. Tensile testing was carried out
using an Instron machine with the crosshead speed set at 1 mm/minute. The elongation was
measured using an extensometer that can cover up to 40% strain. Elongation beyond this
value was measured from the crosshead motion.

For a more accurate measurement of load and elongation, a digital data logger was con-
nected to the Instron tensile tester for calibration and the test itself. The data produced by the
Instron, corresponding to force and elongation values, were converted into engineering
stress—strain points. Then, the true stress-logarithmic strain (¢ — ¢) relation, which is the final
information sought from tensile testing, was obtained using the equations

e=In(e+1) (€3]
o =0,(e+l) )

where g, and e are the engineering stress and strain values, respectively.

Table 1: Details of chemical composition of the steel used.

Plate No Grade C Si Mn P&S Nb V Cr Mo  Ni
34 43A 025 050 1.60 005 - . . -
567 50A 023 050 160 005 0003 0003 - T
010 010
Stainless
185 25 140
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The material was assumed to have the same elasto-plastic behaviour in compression as in
tension. Thus the o — ¢ curve obtained from the tensile testing could be used as the input into
the FE simulation of indentation, which causes a predominantly compressive stress field.
Since the strains developing in an indentation test are expected to be higher than the fracture
strain in tensile test, the o — ¢ curve was extrapolated over a range of higher strain values.

The maximum calculated logarithmic strain is at the engineering strain corresponding to
maximum load where necking commences. The strain up to this point is considered uniform,
but beyond that the strain becomes localised around the neck region hence its measured value
depends on the considered gauge length, in which case egns (1) and (2) are not valid. To
determine the ¢ — ¢ curve at higher strain values, the power law function

o = Ken 3)

was fitted to the o — ¢ curve; in egn (3), K is the strength coefficient and n the strain harden-
ing exponent. It was not always found possible to fit a single power law function to the
whole post-yield region of the curve. In such a case, this part of the curve was split into two
and a different function was fitted to each of them. Typical engineering and the true
stress-logarithmic strain curves with their extrapolated parts are plotted in Figs 1 and 2.

The moduli of elasticity were taken equal to 210 and 185.1 GPa for mild steel and stainless
steel, respectively. The values of material parameters for all specimens are summarised in
Table 2. Although a single power law function is well fitted to the stress-strain curve for plates
S6 and S7, S5 showed different plastic behaviour despite being of the same grade. Hence,
obtaining the stress-strain curve for each plate is necessary for a precise description of material
behaviour in FE simulations.

4 FINITE ELEMENT MODELLING
The indentation process was simulated by developing an elastic-plastic FE model using a ver-
sion of ANSY'S [14], a general purpose type of analysis software. Isotropic hardening plasticity
and the von Mises yield criterion were assumed. Large strain and other non-linear features of
ANSY'S were adopted. The material data input for each specimen was the corresponding true
stress-logarithmic strain curve. The diamond spherical indenter tip was modelled as both rigid

Figure 1: Stress—strain curves for the steel plate number 6, Grade 50 A. A single power
function is fitted to the post-yield curve.
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Figure 2: Stress—strain curves for the stainless steel plate, Grade 316 L. Two power functions
fitted to the post-yield curve.

Table 2: Summary of the materials stress—strain curve obtained by tensile testing.

Strength coeffi- Strain hardening

Yield Strain Fail_ure cient (MPa) exponent
Plate Steel stress UTS atUTS strain
number  grade (MPa) (MPa) (%) (%) K, K, n, n,
S3 43A 317 460 21 40 755.89 739.64 0.1883 0.1738
S4 43A 300 460 207 40 836.65 706.95 0.2156 0.1433
S5 50A 390 500 20.8 48 789.07 794.04 0.1693 0.1676
S6 50A 375 487 185 30 790.59 0.1763
S7 50A 395 503 153 35 794.23 0.1607

Stainless 316L 285 655 51.8 63.2 1033 1377 0.2748 0.401
steel

and linear elastic; in the latter case, its modulus of elasticity and Poisson’s ratio were taken
equal to 1141 GPa and 0.07, respectively. These values were provided by the manufacturers of
the instrumented indentation tester.

The simulation of indentation process is a 3D axisymmetric problem. It assumes a spherical
indenter tip pressed into a cylinder of material that should be representative of a homogenous
infinite half space. Loading the indenter is prescribed as applied displacement on its top sur-
face. Running a 3D problem is expensive and requires large memory and disk space. Advantage
can be taken of the axisymmetry of the problem, so that it can be simplified to a 2D problem
instead, and only half of the indenter and the material cylinder section by a plane through the
axis of symmetry are modelled. This reduces the number of elements and the number of
degrees of freedom per node; hence, the running time and disk space required.

4.1 Element characteristics

A four-node quadrilateral element was used to mesh the deformable indenter and the sample.
Each node of this element has two degrees of freedom.
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The free mesh option in ANSY'S was initially used to mesh both the indenter and the sam-
ple. Over the region where the two bodies are expected to be in contact, a regular mesh was
mapped on both bodies for generating elements of the same size. This mesh regularity was
expected to improve numerical performance and thus enhance accuracy over this region of
interest. However, the indentation process involves high geometrical non-linearity. With
increasing penetration depth, the induced strains increase and element distortion increases
excessively and reaches a stage when the solution fails to converge even at shallow indentation
due to violating element geometry limits.

The automatic free and mapped mesh options in ANSY'S create a large number of elements
with little control on their shape and interior angles that deviate from 90°. The steeper the
transition from a fine mesh, in the contact region, to a coarse one, at the far edges, the greater
the irregularity in element shape.

Decreasing the element geometric irregularity by introducing a smooth variation of mesh
density produces a mesh with larger number of elements, hence longer running time and
convergence problems. This necessitates the imposition of more control on all elements of
the mesh, which can only be achieved by generating the mesh manually. Whilst this task is
very complicated and tedious to do using ANSYS, another type of modelling software,
PATRAN [15], offers a powerful facility of manual mesh generation with full control on all
elements size and shape. In addition, it has the capability of doubling the element size during
the transition from the fine mesh zone to the coarse mesh one without violating any element
geometry limits. This is done by using trapezoidal elements as interlinks between the two-
size zones, as illustrated in Fig. 3. As a result, fewer elements are created for the whole mesh
compared with that of ANSYS.

Although this mesh decreased the running time for every load step, convergence difficulties
persisted at deep penetration. This is due to the high strains imposed on the elements within
the indentation zone of the material, especially those closer to the contact centre, which
undergo excessive deformation and almost get squashed as a result. To counteract this exces-
sive change in the aspect ratio, the initial element geometry of the specimen was modelled as

Figure 3: Schematic drawing showing the transition in element size from fine mesh to a
coarser one of double-sized elements.
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rectangle instead of square. The aspect ratio was taken 2.0 with the longer dimension in the
direction of indentation. This helped the model reach the sought penetration depth without any
convergence problems, thus this kind of mesh was adopted for all subsequent FE
simulations.

4.2 Contact modelling

Contact between the specimen and the indenter was modelled using contact elements gener-
ated over the region of possible contact between the two surfaces. The contact element,
initially used to represent node-to-surface contact, was a triangle with the base being the
target line between two nodes on one of the surfaces and the opposing vertex being the con-
tact node on the other surface. The indenter surface, which should be convex, is considered
‘contact’ and the flat sample surface is the ‘target’.

Contact between two bodies is detected when virtual penetration occurs within a certain
limit. A compatibility control method is used to ensure that one surface does not penetrate
into another surface by more than an acceptable tolerance. The node-to-surface model uses
as control parameter a normal contact stiffness, whose optimum value can be ascertained by
trial and error, that is, by testing the performance of the model for a range of its values.

It was noted that, with this contact model, the solution was extremely slow to converge
with the number of iterations per load step increasing considerably after only a few microns
of simulated indenter penetration. The convergence problem became even worse when slid-
ing friction was included between the two surfaces. This prompted the adoption of an
alternative contact modelling, according to which contact is represented by a pair of contact
elements, one of them used to represent contact and sliding between the target surface, that
of the indenter, and a deformable surface, that of the specimen. The geometric description of
the two elements is illustrated in the diagram of Fig. 4.

The specimen top surface was overlaid with the contact element and the indenter surface
was meshed with the target element. The penalty method with Lagrange multiplier was used
to ensure that penetration compatibility is satisfied. Convergence issues were resolved with
this modelling, which was subsequently adopted in all simulations producing the results
presented in this paper.

Figure 4: 2-D surface-to-surface contact element (2 nodes).
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4.3 Characteristics of the specimen mesh

Initially, the mesh of the indented specimen was generated with its refined part in the inden-
tation zone made up of element size 1.0 x 2.0 um?. The dimensions of the mesh that covers
the modelled half of the cylinder were 672 x 448 mm?. This is referred to as mesh A and is
illustrated in Fig. 5.

To investigate the sensitivity of the results to mesh changes, two other meshes, labelled B
and C, were generated by enlarging the specimen model dimensions and the refined zone cov-
ering the indentation region. In all three meshes, the indenter is meshed using the free mesh
option in ANSY'S. Elements on the indenter perimeter from the tip up to the height that corre-
sponds to the expected indentation depth are taken to be 1.0 um wide, which is the same width
as the corresponding elements of the specimen over the contact region. The characteristics of
all meshes are summarised in Table 3.

5 RESULTS
5.1 Validation against the elastic solution
The developed FE model was first applied to simulate the indentation process of a perfect

sphere with a radius of 150 um on a linear elastic material. It was thus possible to validate the
model against Sneddon’s elastic solution of a sphere pressed on an elastic flat surface [1]. The

Figure 5: Mesh A of the specimen produced manually using PATRAN.

Table 3: Details of the meshes considered.

Specimen dimensions Size of zone with finest mesh
(mm) in the contact region (mm)
Number of  Number of
Mesh  Width Height Nodes Elements  Width Height
A 672 448 1602 1510 92 8
B 960 1600 4200 4046 112 16

C 1472 1568 8665 8470 127 96
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contact was modelled as frictionless. Loading was prescribed as displacement controlled
increased by 0.1 um at every load step. Peak load was attained when maximum depth reached
20 um. At every load step the indent profile geometry, contact radius and depth were directly
measured and compared with the corresponding predictions of Sneddon’s solution. The pre-
dicted load-indentation depth curve by FE for each mesh A, B and C, described in Table 3, as
well as Sneddon’s solution are shown in Fig. 6.

As observed in the plots of Fig. 6, best agreement between numerical predictions and
Sneddon’s elastic solution is achieved with meshes B and C. The same conclusion is reached
by plotting the ratio of contact depth, h,, to indentation depth, h,, which should be equal to
0.5 according to Sneddon’s solution. Since there is no significant difference between the
results produced by these meshes and, as can be seen in Table 3, mesh B has less than half the
number of elements than mesh C, mesh B was adopted for the FE simulations of contact
discussed in this paper.

5.2 Elasto-plastic FE analysis

The initial elasto-plastic indentation simulations were carried out in order to assess the effect
of variations in critical input parameters on the results. For this purpose, idealised material
properties and a perfect spherical indenter of 150 um radius were adopted. The stress-strain
curve produced by tensile testing of specimen S5 was modified to an idealised curve with a
single value for the strain hardening exponent and the strength coefficient. The modified
stress-strain curve was based on the actual curve for steel plate S5. It corresponded to a mate-
rial with Young’s modulus E = 210 GPa, elastic limit 5, = 340 MPa, ¢, ,= 375 MPa, n =0.132,
and K = 782.91 MPa, satisfying the continuity condition at yield point where

&,, =0.002+ % (4)

The part on the stress—strain curve joining the elastic limit to the yield stress was created
using a quadratic function. The modified stress-strain curve was very close to the original
one, characterised by three different regions.

Figure 6: FE-generated load—elastic indentation curves for three different meshes.
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Load-indentation curves were obtained for all three meshes detailed in Table 3 and it was
noted that the elasto-plastic solutions almost overlap each other. Sensitivity to mesh variation
was therefore found negligible. This suggested that mesh B would be satisfactory for further
elasto-plastic FE simulations.

Contact tolerance and contact stiffness were two arbitrarily specified numerical parameters
associated with contact modelling. Significant changes to their recommended values had no
noticeable effect on the indentation output.

Next, the effect of friction between indenter and specimen was examined. Five different
values of the friction coefficient of contact were tried, namely 0, 0.05, 0.1, 0.2 and 0.5. The
resulting P—h curves can be compared by reference to Fig. 7.

As noticed in Fig. 7, the curves start to deviate at around two-thirds of the maximum depth
and the maximum difference at the peak load is less than 4%. However, when the pile-up was
assessed, the effect of friction was found to be more pronounced. The profiles of the indent
for the five friction coefficients can be compared by referring to Fig. 8.

Finally, the effect of changing the elastic modulus of the indenter was assessed. Due to
anisotropy of diamond, its Young’s modulus, E;, varies with crystal orientation. E; can be
determined by indirect methods. One such method is by measuring the speed of sound or

Figure 7: FE-generated load-indentation curves for different assumed friction coefficients.

Figure 8: Indentation profiles at peak load using five different friction coefficients.
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compression waves in a diamond crystal. An approximate value of 1050 GPa is given for E; by
Wilks and Wilks [16], which was said to vary with the crystal orientation by approximately
10%. This value is very close to that initially adopted.

To assess the effect of any variation of E; on the P-h curves resulting from FE simulation,
the latter was run for four values of E; ranging from 800 to 2000 GPa in addition to the case
of an infinitely rigid indenter. Comparison of the resulting load-depth curves showed that
there is no significant difference between them for the extreme cases of Young’s modulus
values, and their difference is even more negligible for the realistic range lying between 800
and 1500 GPa. As a result, the adopted value of 1141 GPa was proved to be acceptable.

5.3 Validation versus experimental results

The performance of the developed FE model in the region of elasto-plastic deformation was
validated through comparisons of its predictions with experimental data obtained by instru-
mented indentation testing [17]. FE simulations were performed on plates S5, S6, S7 and
stainless steel. The actual properties of these specimens, described in Section 3, were entered
as material input to the elasto-plastic FE analysis. The indenter model was changed from per-
fect sphere to the real profile determined by digitising and averaging SEM photographs of the
actual indenter tip [18]. The program was run with friction coefficient 4 = 0.2. Plots of both
experimental and numerical results for plates S5 and stainless steel are shown in Figs 9 and 10,
respectively.

The good agreement observed in these figures was also noted in similar plots for the other
two steel plates. The observed variation in the experimental curves is considered to lie within
acceptable limits and it can be understood to be due to variations in material microstructure,
surface finishes, and equipment error, among others. The experimental results appear to indicate
a stiffer material than that anticipated from the predictions but it should be noted that the FE
simulation does not consider any creep effect. Taking that effect into consideration, as discussed
in the next section, brings the experimental points closer to the corresponding FE predictions.

5.4 Creep effect

The reliability of any output from indentation experiments depends on ensuring ideal meas-
urement conditions, which help eliminate any undesirable effects. Thus, the recorded

Figure 9: Load-indentation obtained at four locations on S5 and the corresponding FE
prediction.
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Figure 10: Load-indentation obtained at four locations on stainless steel and the corresponding
FE prediction.

indentation data would correspond to the material response predicted by the FE simulation.
One effect that cannot be eliminated completely is that of loading rate, which manifests itself
as creep; the latter is observed as a plateau in the experimental load-indentation curve at peak
load. The extent of creep depends on the material and it is also influenced by the hold/dwell
time, which is the duration of maximum load application.

If creep is not considered, this can have a significant effect on the calculation of hardness
and the reduced modulus from the unloading curve. It was found by Chudoba and Richter
[19] that creep not only affects the measured depth but also the slope of the unloading curve
at peak load, which is a key quantity in calculating the reduced modulus. It was reported that
when creep was not allowed to take place, the resulting unloading curve showed bowing
towards higher depth.

Noticeable creep deformation was reported during indentations on tungsten and alumin-
ium using the Berkovich indenter [19-21]. Hence, it was considered essential to study the
effect of creep using a spherical indenter on mild steel in order to eliminate its effect from any
subsequently developed material characterisation scheme. For this purpose, spherical inden-
tations were performed at three locations on steel plate S5. The peak load was chosen to be
the maximum applicable by the instrument, that is, 20 N.

Since the extent of creep depends on the loading rate, its effect was examined by varying
the loading time, that is, the time required to reach the peak load. Three values for the loading
time, namely 8, 40, and 200 s, were adopted. When the peak load was reached, it was held
constant for a dwell time of 180 s then partial unloading by 80% followed at the same loading
rate. The obtained load-indentation curves are shown with the corresponding FE prediction
in Fig. 11.

The capability of continuously recording the creep deformation with time made it possible
to monitor the development of such deformation over the dwell time. This is shown for the
various loading times in Fig. 12. As can be clearly seen in that figure, the creep effect can be
removed by holding the peak load constant for a sufficiently long period. Creep deformation
takes place at a high rate during the first few seconds then it diminishes within less than a
minute. Its value reaches 150 nm/s at the first few seconds of the hold time and reduces to less
than 3 nm/s after 15-20 s.
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Figure 11: Load—displacement curves for three loading time compared with FE prediction.

Figure 12: The change of indentation depth over the dwell time, 180 s.

It can also be observed that the loading time has a noticeable effect on the three main seg-
ments of the load-displacement curve, namely, the loading curve, hold time at peak load
(amount of creep), and unloading curve. In the case of loading time of 8 s, the loading curve
appeared stiffer and the amount of creep deformation was large, that is, 1.387 um. On the
other hand, a more compliant loading curve and less creep were noticed when loading time
was longer. In the case of loading times of 40 and 200 s, the corresponding measured creep
was 0.6894 and 0.4983 um, respectively.

Even though the long loading time results in less creep, allowing enough dwell time makes
the depth at peak load reach the same final value and the unloading curves almost overlap
regardless of the loading time as long as it is not very short, that is, at least 40 s.

Applying the required dwell time in the case of the load time of 8 s, will bring the maxi-
mum depth close to the corresponding value of the other two cases. Nevertheless, the
unloading curve shows bowing at peak load, which will incur an error in calculating the con-
tact stiffness, and thus the modulus. This indicates that short-time loading causes erroneous
indentation data, which they seem to include undesired deformations. This explanation of
bowing can be supported by the findings of Chudoba and Richter [19] who reported this
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bowing phenomenon when dwell time is zero and loading time is 92 s. The material behaviour
in the case of short-time loading can be understood as a dynamic response to high strain rate
loading, whereby the material seems stronger, compared with its response to static loading.

Referring to Figs 9 and 10, it can be observed that the creep value is not only dependent on
the loading rate but also on the depth reached, which is in agreement with the findings of
Chudoba and Richter [19]. Figure 12 shows that a dwell time of 120 s is enough to allow
creep deformation to take place in full and it can compensate for the value of the loading
time, as long as the latter is 40 s or more. It also shows, together with Fig. 11, that a loading
time of 200 s is adequate to produce reliable indentation data provided enough dwell time is
allowed, and that increasing the loading time will not result in noticeable change in the
amount of creep. Therefore, a value of 120 s for the dwell time and loading time of 200 s were
adopted in the subsequent experiments for material characterisation.

This creep phenomenon clearly implies that since the loading rate effect was not considered
in the FE model, only those points corresponding to the end of the creep plateau of P-h curves
should be considered when comparison with corresponding FE predictions is made, as the other
points on the loading curve exclude creep, thus are expected to represent a stiffer response.

6 SUMMARY AND CONCLUSIONS
An axisymmetric FE model was developed for simulating the elasto-plastic spherical inden-
tation of test materials with known, experimentally obtained stress-strain relations. The
specimen mesh was generated manually in order to address the high geometric nonlinearity
induced by deep indentation. Mesh sensitivity was carried out to ensure the capability of the
adopted mesh with regards to accuracy and efficiency.

The FE model was first validated against the Sneddon’s elastic solution for a sphere onto a
flat surface. Then it was applied to the indentation of idealised elasto-plastic materials, in
order to assess the effect of various FE control and physical parameters. These included: the
contact tolerance and contact stiffness, friction coefficient between indenter and specimen
and the elastic modulus of the diamond indenter. It was found that none of these parameters,
within their range of variability and load range of application, had a noticeable effect on the
simulated P-h curves. However, friction was shown to have a pronounced influence on the
predicted pile-up, thus the contact area, which is an important parameter in characterisation
procedures based on spherical indentation data.

Time-dependent deformation, so-called creep, was also investigated. The experimental
conditions influencing creep were examined. It was found that loading rate and the hold/
dwell time at peak load govern not only the extent of creep but also the initial contact stiff-
ness. It was also noticed that the higher the loading rate, the larger the creep effect, thus a
longer dwell time will be required to allow for this deformation to take place as long as the
full load is not applied abruptly, i.e. in less than 10 s, which can affect the initial unloading
contact stiffness. Based on the experimental observations on the test materials, it was found
adequate to adopt, for practical purposes, a loading time of not less than 40 s followed by a
dwell time of not less than 100 s to account fully for any time-dependent deformation.

Load-indentation curves were simulated using the actual imperfect geometry of the spher-
ical indenter and compared with those obtained from experiments. Indentation experiments
were performed in a gradually amplified cyclic loading pattern and the peak load was held for
a specified time to remove the effect of creep deformation. The points corresponding to the
end of the creep plateau of the experimental P-h curves were found in good agreement with
the corresponding FE predictions.
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ABSTRACT

In this paper a simplified biomechanical crowd-structure interaction model is proposed and validated
in order to analyse the lateral lock-in phenomenon on real footbridges. The proposed crowd-structure
interaction model is organized in three levels: (i) pedestrian-structure interaction; (ii) interaction among
pedestrians in the crowd; and (iii) interaction between the crowd and the structure. To this end, first,
the human-structure interaction of each pedestrian is modelled via a simplified two degrees of freedom
system. Second, the interaction among pedestrians inside the crowd is simulated using a multi-agent
model. The considered model simulates the movement of each pedestrian from the dynamic equi-
librium of the different social forces that act on him/her. Finally, the crowd-structure interaction is
achieved modifying the behaviour of the pedestrians depending on the comfort level experienced. For
this purpose, the recommendations established by the French standards have been considered. The
integration of the three levels in an overall model is achieved by the implementation of a predictive—
corrective method. The performance of the proposed model is validated correlating the numerical and
experimental dynamic response of the Pedro e Inés footbridge during the development of a lateral
lock-in pedestrian test. As the first lateral natural frequency of the footbridge is inside the range that
characterizes the walking pedestrian step frequency in lateral direction, numerical and experimental
studies were performed to analyse its behaviour under pedestrian action. The agreement between the
numerical and experimental results is adequate. However, further studies are recommended in order to
generalize the proposed approach and facilitate its use during the design project of future footbridges.
Keywords: crowd dynamics, footbridge, human-structure interaction, lateral lock-in, simplified
biomechanical model

1 INTRODUCTION
During the last 20 years numerous models have been proposed in order to analyse the lateral
lock-in phenomenon on footbridges [1]. Although all these models have shed light in order to
simulate numerically this phenomenon, they present the limitation of only taking into simplified
account the modification of the modal parameters of the structure due to the pedestrian-structure
interaction. The consideration of this fact may improve the numerical estimations of the dynamic
response of these structures under pedestrian flows [2, 3].

In order to overcome this limitation, a crowd-structure interaction model is proposed and
validated, in this study, to simulate more accurately the lateral lock-in phenomenon on foot-
bridges. The proposed model allows estimating the change of the modal properties of
footbridges under pedestrian flows. As consequence of this fact, the model allows a more
accurate numerical analysis of the lateral lock-in phenomenon on real footbridges. The perfor-
mance of the proposal is validated correlating the experimental and numerical lock-in
phenomenon on a real footbridge, Pedro e Inés footbridge (Coimbra, Portugal) [4, 5].

The manuscript is organized as follows. The lateral crowd-structure interaction model is
discussed in section 2; the Pedro e Inés footbridge is described in section 3; section 4 is ded-
icated to correlate the experimental and numerical results of a lateral lock-in pedestrian test
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performed on the footbridge; and finally, section 5 presents the main conclusions of this
research.

2 CROWD-STRUCTURE INTERACTION MODEL IN LATERAL DIRECTION
The lateral crowd-structure interaction phenomenon is simulated using two individual
sub-models: (i) a pedestrian-structure interaction sub-model and (ii) a crowd sub-model. In
the first sub-model, each pedestrian is modelled as a TDOF (two degree of freedom) system
and the dynamic behaviour of the structure is simulated via its modal parameters. In the sec-
ond sub-model, the crowd is simulated using a behavioural model that provides a description
of the individual pedestrian position, walking pedestrian velocity, step pedestrian frequency
and phase between pedestrians. In order to consider the modification of the pedestrian behav-
iour associated with the vibration level, two additional conditions have been included in this
sub-model: (i) a reduction factor, that affects the pedestrian velocity according to the comfort
level experienced by each pedestrian; and (ii) a lock-in threshold, that modifies the step pedes-
trian frequency and the phase among pedestrians in order to simulate the crowd-structure
synchronization [2]. In the following subsections, each sub-model and their interactions are
described briefly. A more detailed presentation of the model may be found in Ref. [6, 7].

2.1 Pedestrian-structure interaction in the lateral direction

The proposed model follows from the application of dynamic equilibrium equations [8] to a
TDOF-system (Fig. 1) with sprung (m, ) and unsprung masses (m; ).

The following coupled equation system may be obtained considering the dynamic balance
of the proposed system, structure and pedestrian model.

M. ¥ + Gy + Ky, :(pnum_i(vpx 1) Fi (€]
ma,latya+Cp'lat(ya_ys)+kpv|at(ya_ys):0 (2)
ms,lat ys + Cp,Iat (ys - ya)+ kp,lat (ys - ya) = Fp,lat - Fint (3)

where
M, ar Mg @d m=m, . +m,are the lateral pedestrian sprung mass, unsprung mass

and the total pedestrian mass [kg], respectively. A medium pedestrian weight of 70 kg,
according to Synpex guidelines [9], was considered in this study.

Figure 1: Biomechanical pedestrian-structure interaction model in lateral direction [6, 7].
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Y., ¥, and y, are the lateral displacement of the vibration mode i of the footbridge, the
pedestrian sprung mass and the unsprung mass [m].
K, @nd c, ,are the lateral pedestrian stiffness [N/m] and damping [sN/m].

p.lat

F, . and F; are the lateral pedestrian walking and pedestrian-structure interaction forces [N].

M;, C,andKare the modal mass [kg], modal damping [sSN/m] and modal stiffness [N/m] of
the vibration mode i [kg].

@, i 18 the lateral component of the numerical vibration mode i.

v, Is the longitudinal component of the pedestrian velocity vector [m/s].

t is the time [sec.].
d,, is the distance among pedestrians [m].

w(Xx,t) is the lateral displacement of the footbridge at the position x [m].

L is the length of the footbridge [m].

The lateral pedestrian walking force can be expressed, according to the Synpex guidelines
[9], in terms of Fourier series decomposition as:

3
Fp,lat = m'g'zai,lar -Sil’](n’~i- f 't_¢i,lat _§0p) (4)

i=1

where

g is the acceleration of gravity.

a; . 1s the Fourier coefficient of the ith harmonic for lateral forces or lateral dynamic load
factor (LDLF).

f, is the pedestrian step frequency [Hz].

¢, and @ are the phase shift of the ith harmonic of the lateral pedestrian force and among
pedestrians respectively [rad].

Applying at the contact point the compatibility conditions of displacements, velocity and
acceleration between the footbridge and the TDOF-system that models the pedestrian, the
above relations, eqns (1-3), may be organized in a matrix form.

M(t)- §(t)+C(t)- Y(t)+ K(t)- y(t) = F(t) (®)

For a group of k pedestrians (Fig. 1), we may further represent each one by the above
TDOF-system. Thus, a system of n+k differential equations will need to be solved (being n the
number of considered vibration modes). Finally, for the numerical evaluation of the resulting
system, the g-Newmark integration family method is used, considering as parameters 8 = 1/4
and y = 1/2, thus ensuring an unconditionally stable system.

2.2 Parameters of the pedestrian-structure interaction model

The parameters of the pedestrian-structure interaction model (pedestrian modal parameters
and walking pedestrian lateral force) have been estimated experimentally via the solution of
two inverse problems based on the results of several pedestrian tests performed on a real foot-
bridge [6, 7]. According to the results of this study, the following Gaussian distributions are
established in Table 1 for the parameters that characterize the pedestrian-structure interaction
model (N (u,0), being u the mean value and o the standard deviation).

Once determined the pedestrian-structure interaction parameters, the definition of the
proposed model is complete.
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Table 1: Parameters of the pedestrian-structure interaction model [6, 7].

Modal Parameters

Definition Parameter Value

Pedestrian lateral sprung mass m, . N (73.216,2.736)%
Pedestrian lateral damping ratio orat N (49.116,5.405)%
Pedestrian lateral natural frequency f N (1.201,0.178)Hz

p.lat

Walking Pedestrian Lateral force

Definition Parameter Value

First LDLF U N(0.086,0.017)
Second LDLF 0 1 N (0.094,0.009)
Third LDLF Uy N(0.040,0.019)
First lateral phase shift D1 1ae 0

Second lateral phase shift - 0°

Third lateral phase shift s 1o 0

2.3 Modelling the crowd behaviour

The proposed multi-agent model that simulates the behaviour of the crowd consists in the
sum of three partial forces that represent the different influences that the pedestrians undergo
when interacting in a crowd [10]. Thus, the resultant social force, F;, is defined as (Fig. 1):

chi = I:dri + Fped + I:bou (6)

where

F,; is the driving force that reflects the motivation of each pedestrian to reach his desired
destination [N].

Fea I8 the repulsive force, which simulates the interaction among pedestrians [N].

F,,. 1S the repulsive force, which simulates the interaction among the pedestrians and the
boundaries [N].

In order to simulate the pedestrians flow, three parameters must be defined: (i) the pedestrian
density [P=Person/m?], (ii) the value of the desired pedestrian velocity, and (iii) the distance
between pedestrians. In the present study the pedestrian density is established depending on
the expected pedestrian traffic according to the Synpex guidelines [9]. The values of the
desired velocity of each pedestrian are obtained from the pedestrian step frequencies, defined
according to the Gaussian distributions proposed by Zivanovic et al. [11], N(1.87,0.186)Hz.
Subsequently each assigned step frequency is converted into the desired velocity using the
empirical relation proposed by Bertram and Ruina [12]. Additionally, the original distance
among pedestrians is calculated assuming a rectangular-shaped mesh of pedestrians and the
considered pedestrian density. Finally, the phase shift among pedestrians, ¢, is determined
initially adopting a Poisson distribution [8]. Subsequently, this parameter is modified via the
crowd-structure interaction.
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2.4 Crowd-structure interaction

The maximum lateral acceleration experienced by each pedestrian may be compared against
the acceleration threshold values established by the Synpex guidelines [9] in order to modify
the individual pedestrian behaviour inside the crowd. Two types of thresholds have been con-
sidered in the model for this purpose: (i) comfort thresholds and (ii) a lateral lock-in threshold.
First, in order to reflect in the model the change of the behaviour of each pedestrian due to the
modification of his comfort level, a behavioural factor has been applied to the pedestrian
velocity. According to the results provided by previous studies [3], minimum and maximum
comfort thresholds of 0.20 m/s? and 2.10 m/s?, respectively, have been selected in the model.
In this manner, if the lateral acceleration of each pedestrian exceeds the minimum value, the
pedestrian reduces its velocity, stopping in case the maximum value is overcome. Second, in
order to take into account in the model the lateral lock-in phenomenon, the criterion provided
by the French standard [13] is considered. If the lateral acceleration experienced by each
pedestrian is above 0.15 m/s? and his step frequency is within +10% of the lateral natural fre-
quency of the structure, both his step frequency and phase shift are modified to match the
natural frequency of the footbridge, synchronizing the movements of the pedestrian and the
structure.

3 DESCRIPTION OF PEDRO E INES FOOTBRIDGE
The Pedro e Inés footbridge is located at Coimbra (Portugal). The total length of the structure
is 274.5 m, configured by one central arch of 110 m, two lateral semi-arches of 64 m and two
transition spans of 30.5 and 6 m (Fig. 2a). The main feature of the footbridge is the anti-
symmetrical configuration of the deck and the arches with respect to the longitudinal axis of
the structure. The deck is a concrete-steel composite box-girder with a variable width between
4 and 8 m, which generates a panoramic square at mid-span of the footbridge (Fig. 2b). Even

Figure 2: (a) General view of Pedro e Inés footbridge; (b) Perspective of the footbridge and
(c) experimental lateral lock-in pedestrian test on this footbridge [4, 5].
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during the design phase, numerical studies indicated that the structure was prone to vibrations
induced by pedestrians in the lateral direction. This fact motivated the development of a pre-
cise and detailed work for the experimental assessment of the dynamic response and the
implementation of a control system in order to guarantee an adequate comfort level of the
footbridge. This work was performed and reported by Caetano et al. [4, 5] and its results have
been used in this paper in order to validate the proposed lateral crowd-structure interaction
model.

The footbridge presented a first lateral vibration mode with an experimental natural fre-
quency of 0.91 Hz, with an associated damping ratio of 0.55 %, which was easily excited by
the pedestrian flows. In order to determine experimentally the number of pedestrians that
originates the lateral lock-in phenomenon, an experimental test was performed. The result of
this experimental test, reported in the literature [4, 5], has been correlated with the numerical
simulation based on the implementation of the proposed lateral crowd-structure interaction
model on an updated finite element model [14] of the Pedro e Inés footbridge.

4 LATERAL LOCK-IN PEDESTRIAN TEST ON THE PEDRO E INES FOOTBRIDGE
In the experimental lateral lock-in pedestrian test, the lateral acceleration, a,,, at mid-span of
the footbridge under the passage of different group of pedestrians was recorded (Fig. 2c). A
graphical representation of the maximum lateral acceleration at this position versus the num-
ber of pedestrians on the footbridge (Fig. 3) allows for identifying the instability situation
associated with the lateral lock-in phenomenon. As it is illustrated in Fig. 3, the number of
pedestrians that originates the beginning of the lateral lock-in phenomenon is around 75.
Subsequently, a numerical lateral lock-in pedestrian test based on the proposed lateral
crowd-structure interaction model was performed. Each considered group of pedestrians were
simulated considering as initial spatial distribution a rectangular-shaped grid with an initial
distance among pedestrians of 0.50 m in the longitudinal direction and an equidistant distribu-
tion in the lateral direction. During the numerical simulation, each considered group of
pedestrians walks freely along the footbridge. The number of pedestrians in each group
increases gradually between 15 and 85 in increments of 5. The maximum numerical lateral
acceleration at mid-span versus the number of pedestrians on the footbridge is shown in Fig. 3.

Figure 3: Experimental [4, 5] and numerical variation of the maximum lateral acceleration,

gy max’
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As Fig. 3 shows, the correlation between the experimental lateral maximum accelerations and
the numerically estimated maximum values is adequate. Additionally, the estimation of the
numerical maximum acceleration obtained, applying the methodology proposed by the Synpex
guidelines [9], is also shown in Fig. 3. It is clear from Fig. 3 that the proposed model allows
obtaining a more accurate numerical analysis of the lateral lock-in phenomenon than these stand-
ards. The lateral lock-in criterion established by French standards [13] is also illustrated for
reference in Figure 3.

5 CONCLUSIONS

In this paper, a crowd-structure interaction model is proposed and validated to analyse the
lateral lock-in phenomenon on footbridges under pedestrian flows. The proposed model is
organized in two sub-models: (i) a pedestrian-structure interaction and (ii) a crowd sub-
model. The pedestrian-structure interaction sub-model is defined in terms of a TDOF-system.
The crowd sub-model is defined in terms of a multi-agent model based on the social force
model. The interaction between the two sub-models is achieved by imposing two behavioural
conditions: a comfort and lateral lock-in thresholds. According to these requirements if cer-
tain acceleration limits are exceeded the affected pedestrians modify their behaviour. The
proposed model is formulated under the following hypotheses: (i) constant parameters of the
pedestrian-structure interaction model; (ii) dynamic effects associated to the change of the
pedestrian velocity neglected, and (iii) the interaction problem only considers the walking
action. The proposed model has been implemented in order to analyse the correlation between
the experimental and numerical lateral lock-in phenomenon on a real footbridge, the Pedro e
Inés footbridge (Coimbra, Portugal). The results obtained from the proposed model are ade-
quate, allowing the accurate prediction of the lateral lock-in phenomenon on this footbridge
and consequently the validation of the proposal. The proposed model may be an useful tool
to analyse the lateral lock-in phenomenon on footbridges during the design phase. Neverthe-
less, further studies, additional pedestrian and crowd tests on different footbridges, are
recommended in order to better characterize the lateral lock-in phenomenon on real
footbridges.
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ABSTRACT

Understanding human intention is an important ability for an intelligent robot to collaborate with a
human to accomplish various tasks. During collaboration, a robot with such ability can predict the
successive actions that a human partner intends to perform, provide necessary assistance and support,
and remind for the missing and failure actions from the human to achieve a desired task purpose. This
paper presents a framework that allows a robot to automatically recognize and infer the action intention
of a human partner based on visualization, in which an inverse-reinforcement learning (IRL) system
is learnt based on the observed human demonstration and used to infer the human successive actions.
Compared to other systems based on reinforcement learning, the reward of a Markov-Decision process
(MDP) is directly learned from the demonstration. In our experiment, we provide some examples of
the proposed framework which yields promising results with coffee-making and pick-and-place tasks.
Regarding to the human-intention model based on IRL, the coffee-making experiment indicates that
the action is globally predicted because the action of putting down the water pot is selected instead of
pouring water when the cup is already filled with water.

Keywords: Human gesture recognition; human-robot collaboration; Markov decision process.

1 INTRODUCTION AND MOTIVATION

Nowadays along with the rapid development of intelligent robots, robots are expected to
become a partner of elders, a friend of children, or a co-worker in manufacturing factories.
However, these needs are still different from what the robots are programmed manually as
usual. Thus, developing a robot which can interact with human partners is one of the major
challenges in recent robotic research. Among a variety of problems in human-robot interaction,
the importance of human-intention prediction is clear because if a robot understands human
intention, it can provide necessary support and assistance at an appropriate moment. Similarly in
our society, we observe each other, ask directly or based on the observations to understand
and infer correctly the intentions of the others, and then we can work together to accomplish
a task successfully. The above implies that endowing a robot with an ability to understand
human intention helps the robot become a real helper to humans.

Many works for message exchange between humans and robots have done so far. In these
methods, human action plays a key means to deliver information from humans to robots. For
example, Bascetta et al. [1] used human intention to secure human safety in a coexistence system.
On the other hand, Kanno et al. [2] categorized the operational definition of intention recognition
into three types: keyhole recognition, intended recognition, and obstructed recognition. Intended
recognition for human-robot collaboration (HRC) indicates that a human and a robot are both
aware of cooperating in the recognition. Thus, this paper focuses the mode of intended recognition,
meaning that the robot attempts to recognize human intention during HRC.

The recognition models of human intention have been developed by genetic algorithm
(GA), Graphical model, Hidden Markov model (HMM), and Dynamic Bayesian network
(DBN), neural-fuzzy network, ontology. Zhou et al. [3] used the genetic and ant algorithms
and driving data to predict a driver’s intention such as lane changing and car following. Wu
et al. [4] proposed a graphical model to recognize attack intention which was represented by
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a plan or sequence of actions and adopted D-S evidence theory to infer intention by probability.
Jin et al. [5] used a HMM to predict a driver’s intention for assisting lane changing. Gehrig
et al. [6] used 24 motion units and HMMs to form five complex motion sequences in a real-
world kitchen tasks. Tahboub [7] used a DBN inferring user intention to reduce the latency in
teleoperating a mobile robot. Jeon et al. [8] used ontology-based rules to do user intention
inference. In other words, user intentions were described by hierarchical rules and sensor
data. Huang et al. [9] applied human intention to control a robot walking. The intention was
predicted by an adaptive network-based fuzzy inference system (ANFIS) using the force
sensor data collected from the handle of the robot. Usually, human explicit actions are implicitly
controlled by intention. However, the human-intention models such as HMM, DBN and neural-
fuzzy networks lack the control mechanism. On the contrary, A MDP involves the control to
infer human intention. In the work of [10] McGhan et al. introduced a MDP-based human
task-level intent system in the context of a collaborative task. Their system used the human
subject experiment data to feed the task model, a robot was hypothesized to predict companion
intents by observing and identifying actions as a part of a motion sequence. The approach was
based on the fulfillment of the human recurrent targets to find the reward function. In a similar
way, our method adopts MDPs to infer human intention in HRC, but we apply a more optimal
method to get the reward function.

In a human-intention recognition system, hand gestures are commonly used to predict
human intention. For example, Song et al. [11] presented a probabilistic graphical method to
estimate human intention in grasping tasks. A Kinect camera was used to monitor grasp
processes and collect image data. Two major components of this framework are modeling
grasping tasks and generative soft vector quantization using self-organizing maps (SOMs)
and Gaussian mixture models (GMMs). Similarity, the approach in Ref. [12] employed a
Bayesian classifier to recognize human intention based on tracking hands. The results were
used in a remote mouse. Alternatively, Ref. [13] introduced continuous dynamic programming
(CDP) as a solution for recognizing gesture spotting from human demonstration in video
streams. However, most of the previous research mainly considers classifying human hand
actions, while human intention should be regarded as an optimization problem of task planning
from human demonstration. In this paper, we propose to use IRL [14] to find the optimal
reward of a MDP from human demonstration.

The novelty of our research is to develop the human-intention recognition framework in
HRC scenarios. Based on the marriage of MDP and IRL, the proposed framework is innovative
in human-intention recognition. The MDP complements the probabilistic graphical models
with the control power and the IRL provides an optimization process for a MDP from human
demonstration. To obtain a correct type of hand gestures, we use a GMM as the robust skin
colour model and convolutional neural networks (CNNSs) [15] as the hand gesture classifiers.
Without loss of generality, the image pre-process e.g. poses calibration is implemented before
gesture classifiers. For the MDP, how to specify the reward is still a challenging task.
However, with the demonstration, the IRL derives the optimal reward function of the MDP and
accelerates the learning time for obtaining the MDP policy. All in all, the advantages of our
approach include: first, the environmental uncertainty and decision making in the process of
human intention are modeled by a MDP. Second, the reward function of a MDP is optimally
found from human demonstration and the learning time is significantly reduced.

The rest of this paper is organized as follows: Section 2 briefly describes the problem statement.
Section 3 presents the proposed human-intention framework, where the motion layer for
recognizing hand gestures and the human-intention model are introduced. Section 4 presents
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the experiments that validate the feasibility of the proposed framework. Finally, concluding
remarks and the future work are presented in Section 5.

2 PROBLEM STATEMENT AND FORMULATION

This paper considers a typical human-robot collaboration scenario as illustrated in Fig. 1 in
which a robot and a human execute a daily task together. Some of the work is carried out by
the human and the rest of the work is done by the robot. When the human cannot achieve the
work by himself, the robot should be capable of detecting human intention for the task and
providing appropriate assistance with the approval of the human. Figure 2 shows the collab-
oration principle with the proposed human-intention system. In this case, the robot is not only
a collaborator but also a helper. Consequently, the collaboration performance will also be
improved significantly.

As we know, human intention is explicitly regarded as a plan of sequential actions based
on a human’s desire. In other words, human intention is a process in which a human exploits
his knowledge to make decisions about selecting suitable actions at different moments in
order to accomplish a task. Thus, the goal of this paper is that a robot has to correctly recognize
human intention with some uncertain situations during collaboration. Accordingly, a human-
intention model that can tolerate noises and infer a reasonable plan of actions is the solution
to this problem. Since a MDP has been known as a great probabilistic framework for

Figure 1: Human-robot collaboration scenario.

Figure 2: Collaboration principle in the proposed human-intention system.
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decision-making tasks, we adopt a MDP to model human intention and then recognizing
human intention is to find the policy of the MDP. A MDP (S,A,P,R,y) consists of a set of
states S, a set of actions A, a transitional probability P, and the reward function R that gives a
reward for transition from the current state s to the next state s, using action a. A discount
factor y € [0;1] to avoid an infinite sum over a potentially infinite horizon. Most importantly,
the reward function influences the policy of the MDP significantly but it is manually defined
for a task. In this paper, we aim at exploring the reward function by human demonstration.
Thus, we propose IRL as a suitable approach because it considers the entire task from scratch
to the final step, in order to find a globally optimal policy. That is a unique and most favorable
policy. For the proposed system, a human first demonstrates how to manipulate with objects
in a certain order to achieve an intended task purpose, and then a robot learns the human
intention to provide appropriate assistance.

3 THE HUMAN-INTENTION LEARNING SYSTEM

Figure 3 shows the flowchart of our framework, which consists of two phases: human gesture
recognition and human-intention model. In the first phase, when a human and a robot start to
collaborate, the captured images of the human gestures and manipulative objects are fed to
the motion and object layers. The motion layer is in charge of recognizing human gestures by
CNNs and the object layer provides the object attributes such as position and colour. In the
second phase, the results from the first phase are encoded as the states in a MDP that serves
as a human-intention model. The state and action spaces of the MDP are defined by users.
Finally, the IRL is then applied to find the optimal reward function for the MDP using a
collection of human demonstrations.

3.1 Hand gesture recognition
In the learning phase, the hand images of human demonstrations for a specific task are

collected to train a hand gesture recognition system. For instance, five gesture types for a
coffee-making task are shown in Fig. 4. During the execution phase, human actions will be

Figure 3: Flowchart of the proposed human-intention learning system.

Figure 4: Five gesture types to be recognized.
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captured and recognized by the classifier above. In order to overcome the changing lighting
condition, we adopt a GMM and the YCbCr color space to as the skin model for the images.
The details of the implementation were presented in [16]. Using the skin model, the images
are binarized into skin and non-skin areas. After image binarization, the images are filtered to
remove unexpected noises and sharpen [16].

In addition, since human actions are continuous, the position and orientation of the hand
are progressively changing, which makes it difficult to correctly recognize gestures. Thus, a
pose calibration is applied to the binarized images to obtain better recognition results. The
center position and principal axis of the hand are found by the gravity calculation method and
then used to translate and rotate the image to the neutral pose. The pose calibration produces
significantly better recognition results. Figure 5 (a) and (b) show an example of original and
calibrated images respectively.

We now turn to the problem of recognizing hand gesture types. Recently, convolutional neural
networks have been known as a successful tool of multi-class classification. This success is largely
attributed to the use of local filtering, max pooling and weight sharing in the CNN architecture,
which allows us to save memory size and improve efficiency. Additionally, a CNN uses less
pre-processing than conventional neural networks, linear regression and support vector machines
(SVMs). From the above mentioned advantages, we adopt CNNs as the approach to classify hand
gesture types. However, our CNN is slightly modified to get a better result than the traditional one
[17]. Let take coffee-making task as an example, we consider five gesture types, so our CNN
output layer here has five units.

Each CNN for a gesture type has nine layers, denoted as 11, C2, S3, C4, S5, C6, S7, H8 and
09 in sequence. In particular, 11 is the input layer, which consists of 50 x 50 pixel calibrated
images. C2, C4 and C6 are convolutional layers with 3 x 3,5 x 5and 5 x 5 masks, respectively.
The masks in C2 layer are designed for sharpen, edge detection, horizontal edge detection,
vertical edge detection, horizontal gradient detection, vertical gradient detection, horizontal
sobel detection and vertical sobel detection. S3, S5 and S7 are sub-sampling layers. The feature
maps in S3 and S5 layers are taken by 2 x 2 pixel sub-sampling but 3 x 3 in layer S7. The outputs
of S7 are expanded and concatenated in terms of a 108 x 1 vector. Finally, the hidden layer
of the neural network H8 is also fully connected to the five neurons of the output layer OO9.
Stochastic back-propagation is used to update weights in the CNN. This modified CNN
architecture demonstrates good results. Apparently, the modified CNN outperforms the traditional
one. For continuous hand motions, transitive hand gestures are also taken into consideration

Figure 5: Pose calibration.
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the proposed system. The transitive gestures are assigned to the gesture type in the closest
preceding or successive frame [16].

3.2 Human-intention model

The human-intention model is very useful to a robot to understand the hidden information behind
human motions. The hidden information could be a policy of actions which is a realization of the
mental process. To find such a policy for our collaborative tasks, we adopt a MDP as a
human-intention model and IRL as the method to find the optimal reward function of the
policy.

After the previous stage of hand gesture recognition, the classified hand gestures and the
object attributes are encoded as the states of the MDP represented as a 5-tuple {S,A, P, R,y}
. In our framework, let So be the set of possible attributes of the object layer, we consider
object features like colour, position, status, etc, while S, be the set of gesture status of the
motion layer, for instance gestures are with or without object. S is the set of all possible states
in the collaborative task. Consequently, |S| of the MDP is [S[x|S | We also define
A= {alazan} as a set of all possible actions to accomplish desired tasks where n is the
number of necessary actions. The action set is designed to ensure that the desired task can be
completed by it and the set size should be kept to a minimum. In addition, the discount factor
y e [0,1] is selected during the optimization process and the square matrix P (s,a,s ) is the
transition probability matrix that is used to describe all the probabilities over all the state
transitions. In order to obtain the transition matrix P, we implement each task 100 times,
represent each task by states S, and analyze the transitions among them. A policy 7 :S — A
is evaluated by a value function (so-called Bellman equation). The Bellman equation is
expressed as follows:

Vi=Ya(sa)X Pl [RL 4V ()] )

For each policyr, a corresponding value V _ from Equation (1) is found. Furthermore, the goal
of the learning agent is to find the optimal policy ", meaning that vV _ should be the maximum
valueV ™

V*:m;e\xZPs‘;‘,[st,erV *(s’)] 2)

In Equation (1), the reward R plays a crucial role in finding the optimal policyz". In other
words, the optimal criterion depends on the definition of the reward function [14]. In fact,
the reward function is usually handcrafted, which is non-convincing and can lead us to a non-
optimal policy. For example, in our previous research, we have applied the frequency-based
method to design the reward function [18], but in some cases, it is not optimal according to
the demonstration data. In this paper, we attempt to find a convincing and efficient approach
to obtain the reward function. Thus, we apply IRL to the human-intention model to derive
the reward function directly by the demonstration data. The recognized states and actions of
the task by the hand gesture recognition system are used to compute the reward function.
The procedure of IRL attempts to maximize the margin from the optimal value function to
others and is written as:

PV*>PV" VacA\d ©)

a* a
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where: a" is the demonstrated action, and P,. and P, are the transition matrices of action a”
and a, respectively. The details of the derivations are referred to [14]. In particular, the reward
function R can be calculated as a linear programming problem, defined as:

maxz min ((P -P)(I VPa*)flR)—)“"R”l

asA\a*
t. (P.— )( ) R>0 VaeA\a 4)
|Ri|— max’ 1 N

In our tasks, 4 is set to 0.65. Usually, robots are pre-programmed by default polices. To meet
users’ requirements, the policies need to be updated over time. However, in some cases such
that gesture recognition error and insufficient amount of demonstration data, it is ineffective
to update the human-intention model using demonstration data. As a consequence, in the
experiment, when the number of the demonstrated trials is larger than a threshold, the IRL is
launched to update the model. In the experiment section, we discuss more about the superiority
of IRL with a specific task.

4 EXPERIMENTAL WORK

The feasibility and the efficiency of the proposed learning framework were experimentally
evaluated with a coffee-making task and a pick-and-place task. The robot work is to monitor
the task process, predict human intention and remind human what action s/he should take by
display a text on a screen. In the coffee-making task, the experiments demonstrated that the
different reward functions e.g. frequency-based and IRL affect the human-intention model.
The frequency-based method is a local approach which weights RZ. of the Bellman equation
by the times of the demonstration. However, the IRL obtains R_. in a sense of globally optimizing
the Bellman equation. In the pick-and-place task, the experiment shows that the sequence of
human actions was correctly predicted based on the predefined plan learned by the presented
learning framework. When the blue, green, and red cubes were randomly grasped and placed,
the system suggested a successive action to go back to the learned plan. By doing so, a robot
could help the human continue the task with the human’s approval.

4.1 Coffee-making task

In the first task, the workspace is illustrated in Fig. 6, which consists of an inside and an outside
area. A camera was mounted right above the work-space to monitor the environment. A pot,
spoon, cup, and coffee can were placed initially in the outside area, while a human will manip-
ulate objects in inside area. In the experiment, we implemented three different tasks to learn the
reward functions. In task 1, we took a pot and pour water in a cup; in task 2 we took a spoon and
spooned up coffee in the cup. Finally, task 3 was performed and illustrated in Fig. 8. Table 3
shows the optimal policies that we obtained from the experiments.

For these tasks, the actions were referred to the five classified human gestures in Fig. 4.
Table 1 shows the action meaning of each hand gesture, while Table 2 shows the comparison
of the recognition rates between the modified and traditional CNN architecture. Figure 7
depicts the cup attributes in the object layer. For example, when the cup was placed in the
outside area, it meant that the work had not been started and there was only one ‘empty’ state
for the cup. Similarly, when the cup was located in the inside area, there were three possible
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Figure 6: Workspace of the pick-and-place task.

Table 1: Action set in the coffee-making task.

Gesture Action
1 Empty Grasp pot, stop
2 Grip Place cup
3 GripTrans Place pot, pour water
4 Spoon Spoon up and down coffee powder
5 Hold Hold cup

Table 2: Prediction results of actions performed.

Total (14 Testers) Empty Grip  Griptrans Spoon Spoontrans Hold  Average

Modified CNN - 1400 1395 1354 1315 1351 1354

Success

Modified CNN - 100 99.64 96.71 93.93 96.50 96.71 97.24
Rate (%)

CNN - Success 1395 1385 1341 1049 1246 1308

CNN - Rate (%) 99.64 98.93 95.97 7493  89.00 93.43 91.95

states (empty, with liquid, and with coffee powder). Statuses from the motion layer and the
object attributes from the object layer were composed of the set of states S in the MDP of the
human-intention model. Here, we have 10 states as illustrated in the set of actions in Fig. 8.
Table 1 and object attributes were presented in a state-diagram to reflect the human intention
for the task.

Figures 8 (a)—(g) depict the steps of the human demonstration for the coffee-making task
3. The demonstration was used to explore the optimal reward function of the MDP. Figure 9
shows the state diagram of the human-intention model based on the frequency-based method
and IRL. Itis clear to see that there were two differences between the two approaches at states
4 and 8. When the process was at state 7 with the spoon in the inside area and the empty cup,
the action “‘spoon up coffee’ was selected by both approaches to go to state 8. However, at
state 8, we had two different results. The frequency-based approach still stuck at the same
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Figure 7: Cup attributes in the object layer.

Figure 8: Human demonstration for the coffee-making task. (a) The human and objects were
at initial status; (b) grasping and placing the cup; (c) grasping the spoon; (d)
spooning up the coffee powder; (e) putting back the spoon; (f) grasping the pot and
pouring water into the cup; (g) putting back the pot.

Table 3: Optimal policies.
Task 1 Task 2 Task 3

Frequency IRL Frequency IRL Frequency IRL

State1 Graspcup Graspcup Graspcup  Graspcup  Graspcup  Grasp cup
State 2 Placecup Placecup  Place cup Place cup Place cup Place cup
State 3 Grasp pot  Grasppot  Grasp spoon Grasp spoon Grasp spoon Grasp spoon
State 4 Pour water Pour water Pour water  Place pot Pour water ~ Place pot
State 5 Placepot Place pot  Place pot Place pot Pour water  Place pot

State 6  Stop Stop Stop Stop Stop Stop
State 7 Place spoon Place spoon Spoon up Spoon up Spoon up Spoon up
coffee coffee coffee coffee
State 8 Place spoon Place spoon Place spoon Place spoon Spoon up Place spoon
coffee

State 9 Grasppot Grasp pot  Grasp pot Grasp pot Grasp pot Grasp pot
State 10 Pour water Pour water Pour water  Pour water  Pour water  Pour water
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Figure 9: The reproduction results for the two methods. a) The result of frequency-based
method. b) The optimization of the reward functions through IRL method.

state by the action ‘spoon up coffee’ while the IRL approach chose the action “place spoon’
to state 9. Even though the state 8 shows that the coffee powder was in the cup, the frequency-
based approach kept doing the action “‘spoon up coffee’. Because of such an imperfection of
human demonstration at state 8 for a few times, the action ‘spoon up coffee’ was repeated.
However, the IRL approach took an optimal action “place spoon’ to accomplish the task.

Furthermore, another difference between two methods also appeared at state 4 when the
action ‘grasp pot’ was chosen at state 3. Actually, in state 4, when the human already hold the
pot, the reward function that we got from the frequency-based method suggested to perform
the action “pour water’. However, before the action ‘spoon up coffee’ was performed, the
action “‘pour water’ was unnecessary. The process based on the frequency-based approach
tended to finish the task without coffee. On the contrary, the IRL approach chose the action
‘place pot’ before the coffee powder had not been put in the cup.

Evidently, in the coffee-making task, the frequency-based reward function provided a
locally optimized solution because it regulated the reward based on the count of the excited
action at each state. Alternatively, the IRL explored the optimal reward function from the
demonstration and derived the action at each state to achieve the most advantageous performance
for task accomplishment.

4.2 Learning a pick-and-place task with a human

This task involved a pick-and-place task and illustrated how the robot can help the human.
The goal was to stack three different colour cubes in the same order executed in the human
demonstration. When the human stacked the cubes, the robot recognized the human actions
and predicted the most possible successive action the human should do. In the task, the set of
states was constructed from the object layer. The features including position, colour, and
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Table 4: Action set in the pick-and-place task.

Action Description
1 Transport empty Transport without object
2 Transport loaded Transport with an object
3 Grasp Grasp an object
4 Release Release an object
5 Stop Stop

order of the three cubes were extracted to create the set of statesS,. There were 16 states. In
the further work, more actions could be considered to make the collaboration versatile.
Table 4 shows all actions that were used in the task. The reward function and the optimal
policy were explored as mentioned in the section 3. In this experimental scenario, to evaluate
the obtained policy, some wrong action sequences was purposely performed by the human
and we would like to check whether the human-intention model could predict the successive
action that made the task being executed in the same action sequence of the demonstration.

The task was demonstrated as the following sequence: grasped the blue cube, placed the
blue one in the inside area, grasped the green one on the blue one, pick the red one, and place
it on the green one (blue — red — green). The robot watched the human operations and
successfully predicted the next actions to implement the task. Figure 10 shows that when the
human intentionally executed the wrong task sequence, the robot was able to detect it and
suggest the human the correct one (the command in yellow). Figure 10a shows that at the
beginning of the task, the robot suggested the human the blue cube. In Fig. 10b, when the
human took the cube correctly, the robot continued to suggest the green one. Figure 10c
shows that when the human made a mistake to take the red one instead of the green one, the
robot suggested the human should remove the red cube. Figure 10d shows that when the
human removed the red one, the robot suggested the green one again. Figure 10e shows that
when the human took the green one, the red one was suggested in the next step; and finally
the human took the red cube to finish the task as shown in the Fig. 10f. The details of the task
are shown in the attached video.

The experimental work was the initial attempt to apply MDP and IRL to the problem of
modeling collaborative tasks. While the robot was able to recognize human intention to

Figure 10: Predicted actions of the pick-and-place task by the human-intention model. (a)—(f)
were the steps of the task.
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perform the task, it could predict successive actions and suggest them to the human. The
following task is about to propose a collaborative model between robot and human according
to the obtained human intention. More experiments will be performed on a robot.

5 CONCLUSIONS AND FUTURE WORK

We have introduced a human-intention learning system for HRC. To achieve the learning
from human demonstration, we leveraged superiority from the marriage between MDPs and
IRL. The MDPs are used to explore decision-making rules and deal with uncertainties from
human demonstration and environment. The IRL is used to obtain the optimal reward function
based on demonstration and provide a global solution for a given task. Compared to the previous
work, our framework involves control actions to infer human intention and provides suggested actions
for task accomplishment. Our extensive experimental evaluation with the coffee-making and
pick-and-place tasks indicated that the presented human-intention learning system is not only
capable of performing collaborative task but also obtaining a globally optimal policy.
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ABSTRACT

A methodology for goal-oriented active learning with local model networks (LMNs) is proposed. It
is applied for the generation of training data for a computational fluid dynamics (CFD) metamodel.
The used metamodel is an LMN trained with data originating from CFD simulations. This metamodel
describes the total-to-static efficiency for a given design point, defined by the pressure rise at a specific
volume flow rate, depending on geometrical parameters of an impeller of centrifugal fans. The goal-
oriented nature originates from three main targets that are addressed simultaneously during the active
learning procedure. (I) The concentration on possibly optimal geometries and (1) the focus on areas in
the input space where the metamodel’s performance is considered to be worst. Additionally, (111) new
measurements should differ from already simulated geometries as much as possible. With these goals
three important issues in modeling are addressed simultaneously: (1) optimality, (I) model bias, (I11)
model variance/uniformly space-filling property. In order to fulfill all goals, special properties of LMNs
are utilized (embedded approach). Through the structure of LMNSs, it is possible to assign local model
errors to specific areas in the input space. New measurements are preferably placed in such high-error
regions, while concentrating on presumably optimal geometries that differ most from the ones already
available in the training data. In the field of fluid machinery, the range of achievable design points is
usually identified by the Cordier diagram. While the design points obtained in the passive learning
phase fairly agree with the standard Cordier diagram, an extension of achievable design points was
observed due to the proposed goal-oriented learning strategy. In addition, the total-to-static efficiency
could be improved in some areas of the Cordier diagram.

Keywords: active learning, aerodynamic optimization, design of experiments, experimental modeling,
impeller of centrifugal fans, metamodeling.

1 INTRODUCTION

Measurements play the key role in experimental modeling. The quality of the data used to
build models restricts the performance that can be achieved. Since measurements are always
time-consuming and might be very expensive, the aim is often to find the necessary minimum
of measurements in order to fulfill some task sufficiently well. Therefore, the design of exper-
iments (DoE) should contain the most informative measurements. In principle there are two
ways to obtain such a DoE, which are faced in Fig. 1. If a passive learning strategy is pursued,
all points contained in the DoE are known before the first measurement is carried out. This
experimental design might be optimized according to some optimality criterion, see Refs.
[1-3] for common criteria. In case of an active learning strategy the experimental design is
not known completely a priori. Information gathered through already obtained measurements
are used to select new queries. A query specifies the point in the input space at which a label
or the output value should be measured. In the context of metamodeling tasks, a more com-
mon expression for active learning is sequential sampling, see Refs. [4, 5].

Active learning strategies have the potential to achieve the same model quality with signif-
icant less data compared to passive learning strategies, as stated e.g. in Refs. [6-9]. Active
learners can be distinguished by their query strategies, i.e. how they choose the next query.
A good survey on possible query strategies for active learners is given in [10]. The proposed
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Figure 1: Comparison of passive and active learning strategies.

goal-oriented active learning strategy here is an extension of the hierarchical local model tree
for design of experiments (HilomotDoE) proposed in Ref. [11]. The main focus of the query
strategy of HilomotDoE is to reduce the error of a local model network (LMN). Since the
error of the model can be decomposed into a bias and variance part [12], HilomotDoE
addresses and reduces both error parts as described in [13].

The extension of HilomotDoE proposed in this paper is meant for models that should be
utilized for optimization tasks and is described further in Section 2. It is successfully used for
the generation of training data for a computational fluid dynamics (CFD) metamodel. This
metamodel describes the total-to-static efficiency for a given design point depending on
geometrical parameters of an impeller and is valid for all typical design points of centrifugal
fans according to the Cordier diagram. The optimization task is to find geometrical parame-
ters of the impeller for a given design point such that the efficiency of the centrifugal fan is
maximized, see Section 3 for more details. A customization and application of the proposed
active learning strategy for the CFD metamodel task together with the corresponding results
is described in Section 4 before Section 5 concludes this paper.

2 ACTIVE LEARNING STRATEGY

The pursued active learning strategy deals with models utilized for optimization tasks and it
exploits special properties of LMNSs. Through the structure of LMNs it is possible to assign
local model errors to specific areas in the input space. New measurements are preferably
placed in such high-error regions, while concentrating on presumably optimal geometries
that differ most from the ones already available in the training data. Therefore a lot of poten-
tial queries are generated, from which only one or a small subset is chosen to be measured.
These potential queries will be named candidate points from now on. In order to focus on
presumably optimal geometries, all existing candidate points are obtained through optimiza-
tions. For these optimizations the currently available model is used. In order to concentrate
on areas with high local errors, only candidate points lying in these regions are considered
during the selection of new queries. The similarity between the leftover candidate points and
the already existing training data is evaluated in terms of the Euclidean distance. As a result,
the candidate point closest to the largest hole in the training data within the area of the highest
model error is chosen as query. More details about LMNs, the active learning strategy, and
the new generation method of the candidate points are given in Sections 2.1, 2.2 and 2.3.
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2.1 Local model networks

LMNs follow a divide-and-conquer strategy. The whole input space, here spanned by the
physical inputs u, is divided into subregions. In each subregion a local model (LM) y, is
estimated. So called validity functions @, define regions in which the LMs are valid and how
interpolation between neighboring LMs should be conducted. According to [14] the model
output ¥ of a LMN with M LMs is calculated by

ESRAOLACH ©)

For a reasonable interpretation the so-called partition of unity has to be fulfilled [12], i.e. the
validity functions @, have to sum up to one at any point in the input space.

For the active learning strategy the training algorithm Hilomot (hierarchical local model
tree) [15] is used with local affine models. The schematic LMN training procedure of Hilo-
mot can be explained with the help of Fig. 2. The algorithm incrementally grows an LMN,
i.e. in each iteration, the number of LMs is increased by one. At the beginning there is only
one LM valid in the whole u-input space. Then all axes-orthogonal splits through the center
of the so-called parent LM are tested (dashed lines in Fig. 2). Hilomot uses the best orthogo-
nal split as an initialization for a nonlinear split optimization in which the position and
orientation of that split are further adjusted. Only the current split is optimized, all already
existing splits are kept unchanged. The parameters of the two LMs affected by the split
adjustment are obtained through a weighted least squares technique nested in the nonlinear
split optimization. After that the LM with the worst local error measure (gray shaded regions
in Fig. 2) are subdivided further. The resulting validities are utilized to weight the errors of
the whole LMN yielding the local error measures. After the first split is performed one addi-
tional split is tested before the nonlinear optimization starts, which is the direction of the
parent split going through the center of the parent LM. The algorithm stops as soon as a
measure for the LMN’s generalization performance gets worse. Usually Akaike’s informa-
tion criterion (AIC) [16] or a distinct validation data set is used to evaluate the generalization
performance of the LMN. Through the nonlinear split optimization Hilomot allows for an
axes-oblique input space partitioning yielding advantages especially for high-dimensional
input spaces. For more details on how the validities are constructed and additional advantages
of Hilomot compared to other LMN training algorithms please refer to Ref. [12].

Figure 2: Schematic Hilomot training procedure for a 2-dimensional input space.
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2.2 Active learning with local model networks

The active learning algorithm HilomotDoE proposed in Ref. [11] is described in the follow-
ing. The novelty of this paper regarding the candidate point generation is outlined in Section
2.3. Another innovation is concerned with the generation of more than one query and is
explained at the end of this section. As already mentioned the active learning strategy with
LMNs aims at reducing the error of the final model. It is assumed that the highest error reduc-
tion can be obtained if the queries are placed in the areas of the input space with the highest
local error measure e, ; i € {1,..., M}. For the calculation of the local error measures e, ,;
the measured outputs y, the local model outputs ¥, the effective number of local parameters
N ; @nd the local validity matrix Q; = diag(®; (u)) are required:

.:\/(z—zfgq-_yi)

Jie{l,...M} (2)

trace(gi )= Neg

Each squared error between an LM output and the measured output is weighted with the
corresponding validity value and is divided by the leftover degrees of freedom. For more
details on how to compute the effective number of parameters n; for each LM please refer
to Ref. [13].

Figure 3 visualizes the situation during the active learning phase for a two-dimensional
input space if only one query is sought. An LMN is trained with Hilomot based on all cur-
rently available data. As one result the partitioning of the input space is obtained and for each
LM a local error measure according to (2) can be calculated, see Fig. 3a. In the original, not
yet extended version of HilomotDoE, candidate points are generated through random sam-
pling from a uniform distribution (dots in Fig. 3b). From all randomly generated candidate
points only the ones lying in the LM with the worst local error measure are considered in the
following. The candidate point inside the worst LM that fills the greatest hole of the already
measured training data is chosen as query. In order to find the greatest hole, the nearest neigh-
boring training data point to each considered candidate is determined. The candidate point

Figure 3: Partitioning of a LMN with local errors (a) and with focus on the worst LM together
with training data (x), candidates (-) and the chosen query (0).
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with the greatest distance to its nearest neighboring training data point is chosen as query.
During the distance calculations, all training data samples are considered, but only candidates
within the worst performing LM are taken into account. After the measurement for the cur-
rent query has finished the training data set is updated, a new LMN is trained with Hilomot
and the next query can be determined.

For algorithmic efficiency reasons it might be reasonable to request more than one query
atatime. If n_ > 1 queries are demanded, a new strategy for HilomotDoE is proposed. Still
Hilomot is used to train an LMN and yield a partitioning of the input space. Then, all local
error measures are calculated and normalized, such that their sum equals one:

eLM,i

Evi=av (3)
Z,- €um,j

The number of demanded queries from each LM n_ , ; is obtained by rounding the overall
number of demanded queries Ny multiplied with the corresponding normalized local error
measure €, :

nqLM,i = [nq 'éLM,i]- (4)

With this approach more queries are demanded from an LM the bigger its local error measure
is in relation to the local error measures of all other LMs.

2.3 Generation of candidate points

Another novelty of this paper lies in the generation of the candidate points, which are subse-
quently used by HilomotDoE. A block diagram of the whole goal-oriented active learning
procedure is shown in Fig. 4. The candidate points are generated through an evolutionary
optimization algorithm based on the currently available model, trained with all yet accessible
measurements. More details of the used evolutionary optimization algorithm can be found in
Ref. [17]. With the help of the model the objective function J(u) can be determined for each
design vector u” = [u, u, ... u,]. Inorder to distribute the initial values for the optimiza-
tion runs in a space-filling manner throughout the whole input space, the extended
deterministic local search (EDLS) algorithm proposed in Ref. [18] is used to generate a max-
imin Latin Hypercube (LH) design. To prevent the optimization from generating too similar
candidate points, n_ constraints for each initialization point coming from the LH design are
applied. If no constraints would be demanded almost all optimizations might lead to the same
optimum. More details about the used constraints follow in the next paragraph. All resulting
candidate points are provided to HilomotDoE, that determines queries as described in Sec-
tion 2.2. After the queries are measured, they are added to the available measurements.
Through the altered training data the model and therefore the outcome of optimizations with
the new model might change, even if neither the constraints nor the LH design is changed.
If no constraints would be applied to the optimization runs, a lot of very similar or identical
candidate points could possibly be the result, depending on the properties of the optimization
problem. Additionally, these constraints might reflect later usage scenarios, if some design
parameters are bounded, e.g. due to limited available construction space. If the number of
optimization variables is n,, there are n, = 2"d possible constraint combinations specifying
which variables are held fixed. For each point contained in the LH design all possible con-
straint combinations are applied. Constrained optimization variables are held fixed at the
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Figure 4: Block diagram of the goal-oriented active learning procedure.

Figure 5: Illustration of all optimization scenarios for point i of an LH design with two inputs.

Table 1: Each column contains one constraint for the optimization. An optimization variable
U, might either be constrained to a specific value (uj, Ly (1)) or can be free, i.e. the
value is determined through the optimization (opt.).

Optimization scenario: 1 2 3 4
Opt. variable u, opt. opt. Uy () Uy y ()
Opt. variable u, opt. Uy (1) opt. Uy (1)

value of the corresponding LH design point. As an example Fig. 5 together with Table 1
illustrate this for n, = 2 optimization variables for the i-th point of the LH design. Four opti-
mization scenarios arise with different constraints; all listed in Fig. 5 and Table 1. The
variable Uj denotes the value coming from a point in the LH design that is fixed during the
corresponding optimization run. In case of opt. in a field of Table 1, the value of the corre-
sponding variable is yielded by the optimization. With this approach N, = N, - n
optimization runs are necessary to obtain all candidate points.

C

3 APPLICATION: AERODYNAMIC OPTIMIZATION OF CENTRIFUGAL FANS
The proposed goal-oriented active learning strategy is applied in the field of centrifugal fans.
The general purpose of fans is to generate a gaseous fluid flow under build-up of pressure.
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Figure 6: Cordier diagram with indication of the typical realm of centrifugal fans.

Typically, the design of a new fan comprises two main targets. Firstly, the design point (i.e.
the desired flow rate Q and pressure rise Ap) must be fulfilled. Secondly, the shaft power P,
shall be as low as possible. The achievability of the first design target mainly depends on the
choice of the outer fan diameter D and the rotational speed n. Cordier [19] found that the
specific fan diameter

D
6= 14 E ®)
[Sj & Ql/Z
n? p
and the specific fan speed
n
6= 374 (6)

(271_2)’1/4 {if)] Q2

of all fans and pumps lie in a narrow band around the curve depicted in Fig. 6, which were
later known as the Cordier curve and the Cordier diagram, respectively. The original Cordier
diagram is based on fan performance data stemming from the 1950s, but its validity was
confirmed in numerous more recent studies, see e.g. the work by Willinger et al. [20-22].
Figure 6 furthermore indicates the typical realm of centrifugal fans, which is in the area of
low specific fan speeds but high specific fan diameters. The rest of the Cordier band is asso-
ciated with other fan types such as axial or mixed flow. The second design target (the
minimization of P, _.) is equivalent to the maximization of the aerodynamic efficiency
defined as

()
Pshafl

In the present application, only the impeller as the key component with respect to aerody-
namic efficiency is investigated. The impeller geometry is described by nine geometrical
parameters including the inner diameter, the inlet width, the outlet width, the inlet blade angle
and the outlet blade angle. Those parameters are supposed to be most relevant in order to
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adapt the fan geometry to a large variety of potential design points [23]. Optimal geometrical
parameters are found by the evolutionary algorithm described in Ref. [17]. The objective
function is maximization of total-to-static efficiency n,, with penalty terms for the violation
of the desired design point. The focus on total-to-static efficiency originates from the assump-
tion that the fan exhausts into an open environment. Under these circumstances, the kinetic
energy of the fluid at the fan exit must be considered as loss and Ap must be diminished
accordingly when computing the efficiency with eqn. (7). The objective function is evaluated
using metamodels of CFD. CFD is a numerical simulation technique, which solves the flow
field in a discretized computational domain for given boundary conditions (e.g. flow rate,
ambient pressure, velocity of moving walls, etc.). A detailed description of the CFD model
can be found in [24]. This reference furthermore contains detailed information about the
parameterization of the impeller. Since CFD simulations are time-consuming and require
considerable computational resources, there is a strong interest to keep the number of query
points to a minimum. At the same time, the metamodels must be extremely precise for opti-
mal geometries to avoid that the optimizer exploits weaknesses of the metamodel instead of
finding the real aerodynamic optimum. Given these two requirements, the active learning
strategy suggested in this paper is well-suited to be applied in the fan optimization problem.

4 ACTIVE LEARNING FOR THE CFD METAMODEL

In case of the active learning for the CFD metamodel the procedure illustrated in Fig. 4 is
applied with minor adjustments to meet problem specific needs. A maximin LH design for an
11-dimensional input space is generated with N, = 586 samples. 2 of the 11 inputs specify
a design point defined by the pressure rise and a specific volume flow rate. These two inputs
always belong to the set of constrained optimization variables, since the efficiency is maxi-
mized for these design points. The remaining n, = 9 inputs correspond to the geometric
parameters that should be optimized. It follows that there are n_ = 2"d = 512 possible optimi-
zation problems with all constraint combinations. As explained in Section 2.3, all possible
combinations of constrained optimization variables are applied to each point contained in the
LH design, resulting in N, = 512 - 586 = 300032 candidate points after all optimization runs
are finished. Here, 500 queries are demanded in each loop of the active learning strategy. As
soon as one loop is finished, i.e. the optimization of all candidate points is accomplished and
queries are calculated, the list of queries to be CFD-simulated is updated. This procedure
avoids any time lags between CFD simulations due to not in time finished query optimiza-
tions.

4.1 Results

The influence of the proposed goal-oriented active learning strategy is evaluated based on
three aspects. First, the model quality over the number of samples available for the training is
assessed. Second, the extension of achievable design points in the Cordier diagram is shown.
And third, the improvements of the achievable total-to-static efficiency are visualized for all
achievable points in the Cordier diagram.

For the model quality assessment CFD-based optimizations are completed for 545 differ-
ent design points. The optimized designs together with the achieved total-to-static efficiencies
serve as test data for the models generated with different amounts of training data. The target
value of the model is the total-to-static efficiency #,. Figure 7 shows the curve for the model
quality versus the training data amount. Lower root mean squared errors (RMSE) correspond
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Figure 7: RMSE on test data originating from CFD-based optimization runs vs. amount of
training data.

Figure 8: Extension of achievable design point area in the Cordier diagram.

to better generalization performances. The dashed line marks the point, where the passive
learning phase has ended and the active learning strategy has started.

Figure 8 shows the extension of achievable regions in the Cordier diagram through the
proposed goal-oriented active learning strategy. For almost each viable specific fan speed o
higher specific fan diameters ¢ are possible. Additionally, lower and higher specific fan
speeds could be achieved through the active learning phase compared to the passive one.

The absolute total-to-static efficiencies in the area of possible impeller designs after the
active learning strategy and the corresponding improvements are shown in Fig. 9a and b,
respectively. The absolute efficiency could be improved up to a value of Az, = 0.3 (= 100%)
by the active learning strategy. The improvements are mostly achieved above the Cordier
curve, where the specific fan diameter & is relatively high. The efficiency improvements are
only shown in areas, where data from the passive learning phase is available, compare to
Fig. 8. That is the reason, why the area covered by possible designs is less in Fig. 9b
compared to Fig. 9a.
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Figure 9: Absolute total-to-static efficiencies (a) and improvements through the active
learning strategy (b).

5 CONCLUSION

The proposed goal-oriented active learning strategy with local model networks (LMN) is
meant for models that should be utilized for optimization tasks. Active learning strategies
allow for an interactive adaption of the design of experiments (DoE) to the process under
investigation. Information gathered through already obtained measurements are used to select
new queries. This adaption has the potential to achieve the same model quality with signifi-
cant less data compared to a-priori fixed DoEs (passive learning). Through an extension of
the already proposed hierarchical local model tree for design of experiments (HilomotDoE)
[25] algorithm, a goal-orientation is introduced. These three goals are (1) the concentration on
possibly optimal geometries, (I1) the focus on areas in the input space with minor generaliza-
tion performance and (I11) a high diversity of training data samples. Therefore, the way
potential queries or candidate points are generated is adjusted, such that all three goals are
met. The proposed methodology is applied to the generation of training data for a computa-
tional fluid dynamics (CFD) metamodel. It is shown, that the area of achievable design points
is extended, see Fig. 8, and the total-to-static efficiencies could be improved up to 100% in
some areas of the Cordier diagram, see Fig. 9. Even though the application incorporates a
metamodel, there is no principal restriction to metamodeling tasks of the proposed active
learning strategy.
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PROPULSIVE ACTIVITY
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ABSTRACT

A biomechanical model and mathematical formulation of the problem of propulsion of a solid non-
deformable pellet by an isolated segment of the colon are presented. The organ is modeled as a soft
orthotropic cylindrical biological shell. Its wall is reinforced by transversely isotropic muscle fibers of
orthogonal type of weaving embedded in a connective tissue stroma. The mechanical properties of the
wall are assumed to be nonlinear, deformations are finite. The longitudinal and circular smooth muscle
syncitia possesses electrical properties and are under control of a pacemaker, which is represented by
the interstitial cell of Cajal. The model describes the dynamics of the generation and propagation of
the mechanical waves of contraction—relaxation along the surface of the bioshell and propulsion of the
pellet. The governing system of equations has been solved numerically. The combined finite-difference
and finite-element method has been used. The results of numerical experiments demonstrate that pen-
dular movements alone provide a normal transit, without mixing though, of the bolus. Non-propagating
segmental contractions show small amplitude librations of the pellet without its visible propulsion.
Only the coordinated activity of the longitudinal and circular smooth muscle layers in a form of the
peristaltic reflex provides physiologically significant simultaneous propulsion and mixing of the intra-
luminal content.

Keywords: Bolus, colon, Computational biology, gastrointestinal tract

1 INTRODUCTION

The primary functions of the large intestine (colon) are to store, process and expel fecal mass
residues. These require sustained motor activity — the generation of migrating myoelectrical
complexes (MMC) that mix and propel the content. Patterns of MMCs produced by the colon
under normal physiological conditions are associated with non-propagating and high ampli-
tude propagating mass movements. They occur regularly and assist to push the bulky content
ahead of them. The disparity between mechanical and propulsive activities caused by ana-
tomical and/or neuropathological changes in the colon, e.g. Hirschpurg® disease, irritable
bowel syndrome, result in idiopathic/slow transit constipation, obstructed defecation or diar-
rhea. The severity and diversity of clinical symptomatology, relative inaccessibility and the
complexities posed by the presence of solid or semi-solid fecal masses, along with the heter-
ogeneity of in vitro experimental findings, makes it difficult to unravel underlying
pathophysiological mechanisms and thus design effective treatments.

2 AIM
The aim of the study is to investigate numerically the propulsion of the intraluminal content
(bolus) and to assess the dynamics of stress-strain distribution, changes in the shape and
configuration of the colon.

3 METHODS
Below are the basic assumptions that have been used in model construction [1-3]:

1. The colon is a soft orthotropic tube of cylindrical shape. The wall of the colon has two
muscle layers and a network of connective tissue. The outer layer contains muscle fibers

© 2018 WIT Press, www.witpress.com
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that are organized in the longitudinal direction of the organ while muscle fibers of the
inner layer are arranged in a direction that is specified as orthogonal and circular.

2. The rigid sphere of the radius, R, is included within the tubular segment of length, I, and
radius, r0, where isometric contractions take place. Throughout the mechanical reac-
tions, the intraluminal pressure, p, varies in accordance with the adiabatic law.

3. The contact forces that takes place between the two parties: the wall and rigid sphere are
assumed to be orthogonal to the sphere surface. Dryness and viscous friction are subject
of the motion of the bolus.

4. Muscle layers contract in an independent way with generation of active forces (Ta). The
first contractions begin with the longitudinal muscle layer.

5. Itis assumed that the muscle layers are syncytia that possess cable electrical properties.
As for the electrical properties, the longitudinal layer is characterized to be anisotropic
while the circular layer is isotropic.

6. The pacemaker cell that is located at the left boundary controls the mechanical activity of
the tube, and hereby generates an excitatory stimulus of given intensity.

7. The dynamics of the colon segment is given by:

Yo C:j_\t/ = (Tleij\/@)sl +(Tzeij\/a)sz +Py/9n;, 1)

where:
Tp =k aC(l) + 0y T Ay TP (Res 1) )

Here — y, the linear density of a biomaterial in an undeformed sate; A, A, — the rate of
elongation (here after the subscripts | and c refer to the longitudinal and circular muscle
layers, respectively; — the direction cosines of the €1 = A.q * 1; ¢; outward normal n;,
to the surface with respect to the cylindrical j —axis (I =1, 2; j =1, s, 2); 9 9 — the
components and determinant of the fundamental tensors; V (V,, V, V,) - the velocity
vector and its radial circumferential and longitudinal components; le the components
of the tensor of membrane forces; TP, T2 — the passive and active components of the total
force (T, ); k—the rheological parameter; p — intraluminal pressure; s ,s, the Langragian
coordinates of the bioshell.

The passive TP | components are derived from:

P OW

) = 0y D)’ 3
where W — the strain energy density function has the form:
v, W= %[cl(k1 -1y +2, (A =D, -1 +c,(A, -]+ @
+cexp [, (A —1)* +c (A~ +2, (A, ~D(A, -D)].
As for the active components (T%; ) components we have:
Tt =Creny Mte * Coteay Moy *+ Cogeny ®)

The mechanical constant of a biocomposite are ¢, ;.
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8. The dynamics of propagation of the electrical waves of depolarization along the aniso-
tropic longitudinal muscle layer is (¢,) defined as:

Cr@) =15,(8, 8) + 1, (8,-51, 8, =5,)— 1, (6)

The transmembrane ion currents per unit volume are I_;, 1.

It (810 8,) = My, Marctg s, |Cs, +g°_52 x
A+ny) A+pg) ds, | Gs, | Gs,

(M
go gOSl
X [[ 2 ((Pl)slj 51"'( (Pl)szjsz]l
(pc (pl
Mg =K
| (s, —S,,5, —-S,)=M
m2( 1 1 2 2) vs_[:[ 27'5(1-‘,—“51)(14-“82 )G X
(s,-5,)" / Gy, —(s,-5,)° / G,
X e 2 x (8)
[(31—51)2/G51+(s -s,)? /GS]
gos1 05,
X [( ()3, Js J{ (¢,)s, J ]dsldsz.
here:
l’l'sl = gos1 /gisl' l’l'sz = gosz /gisz’ (9)
+0, +0;
G, = s g 89 5 Go (10)
1 7\/(: 2 7\'1 1 2

The following notations are: C_ - the capacitance of smooth muscle; gi.;, Gicy 9os1r 9osp — the
maximal intracellular (the subscript (i) and interstitial space), (the subscript (0) conductivity
of the longitudinal and circular muscle layers in the longitudinal and circumferential direc-
tions), respectively; M, — the membrane volume to surface ratio; I, — the total ionic
current.

In the case of propagation along the isotropic circular muscle layer (¢, ):

M vs gos1 os,
Cnm ((Pc )t = (l+—u81)( Pl ((pl)s1 \]Sl { ((pl)s J |0n’ (ll)

(4 C

where the above-mentioned abbreviations are used.
The points of the wall lie on the surface of the sphere throughout all stages of dynamic
reaction.

(Z,—u,)? +(r,+u,)? +(r, +u.)> =R* =0, ze[z,,2,]. (12)



800 0. Al Qatrawi & R. N. Miftahof, Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 4 (2018)

Here: u (u,, u, uy) — the displacement vector; Z_ - the position of the center of the sphere at
time t; z,, z, — the boundary points of contact of sphere and the wall. The kinematic equation
of the motion of the bolus along the tube is governed by:

dz,
dt

n—<+F, = 2nrojf j Fe d& de, (13)
where F, F, are the contact force and the force of dry friction, respectively, n is the coeffi-
cient of viscous friction.

At the initial moment of time, the whole system is in the resting state. It is supposed that
the left and right boundaries of the tube are rigidly fixed. Discharges of the pacemaker cell
trigger contractions in smooth muscle. When the maximum of the total force in the longitu-
dinal muscle layer is achieved, contraction of the circular muscle layer starts. The complete
activation of the circular muscle layer begins as the maximum of the total force in the longi-
tudinal muscle layer is accomplished. The right boundary of the tubular segment remains in
the resting state throughout.

Stages and sequences defining the dynamics of peristaltic propulsion of a solid sphere took
part, as shown in Fig. 1. The calculations use a set of mechanical and electrical parameters and
constants such as: I =10.0 cm, r,= 0.795cm; v, = 26.14 (g/cm2); ¢, = -40, ¢4, = 120, ¢4, = -50,
€, =-25, Cg, = 75, g = -31.2 (MN/cm-mV); k = 33.3 (mN-sec/cm); p, = 1.0 kPa; C_ = 1.0 (uF/
cm?); M, = 0.05.The use of colon tissue prevented us from estimating some of the mechanical
and electrical parameters used in the model. Therefore, the missing data have been adjusted
during the numerical simulation: ¢, = ¢, = 10.4, ¢c;=2.59, ¢, = 3.79, ¢; = 12.7, ¢, = 0; the con-
ductivity constants in case of isotropy were: g;; = 2, g;;, = 9,¢; = 20, 9, = 80(mSm/cm?); ina
case of isotropy the conductivity constants were: g,; = 2, Gi, = G451 = Upsp = 20 (MSM/cm?).

Figure 1: The sequence of events underlying the propulsion of a solid sphere.
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Figure 2: Flow chart of the algorithm.

Numerical algorithm flow chart is shown in Fig. 2. The main program is utilized to define
the set of input parameters and constants, the initial configuration and the stress strain state
of the tube. It includes the following subroutines:

EXCLONG (EXCCIRC) — Computes the dynamics of the depolarization wave long the
longitudinal and circular smooth muscle bi-syncytia; uses the explicit finite-difference
scheme of the second order approximation over the spinal and time variables.

BIOSHELL - Calculates the stress-strain states of the intestinal segment; uses the explicit
hybrid finite-difference scheme of the second order approximation over the space and time.
TRSOLID - Calculates the stress distribution over the enclosed sphere and its propulsion
along the tube.

OUTPRN - Prints results.

4 RESULTS

The results of simulations of movement patterns resemble those recorded experimentally.
They provide quantitative insights into the spatio-temporal patterns of changes in configura-
tion, the distribution of contact forces over the bolus, and predict the average velocity of
colonic transit. Therefore, a reciprocal relationship in the contraction of the longitudinal and
circular smooth muscle is needed to guarantee the ‘mixing’ type of movements. Besides,
strong interactive contractions of longitudinal and circular muscle layers are needed to expel
the bolus from the gut. The dynamics of stress-strain distribution demonstrate the rise in the
intensity of active propulsive forces in the circular smooth muscle layer throughout the entire
phase of propulsion of the bolus. Viscous compared to dry friction had a marked effect on the
average velocity of colon transit. Thus, the addition of osmotic and rapidly acting lubricant
laxatives intraluminally shortened the time required for expulsion of the bolus in a significant
way.

In the stimulation, 10 cm long of a part in the colon was constructed. The diameter of it is
0.795 cm, bolus diameter is 1.5 cm, viscous friction is 230 Ns/m, dry friction is 20 N, and
intraluminal pressure is 0.1 kPa. Under these physiological circumstances, the bolus moves
normally without any irritability within 2.4 seconds. However, whenever viscous friction
increases, the irritability is increasing; hence the bolus takes long time to be expelled and as
it decreases, the bolus will move normally and faster.
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Figure 3: Movements of the bolus as a function of the viscous and dry friction. A: u = 230
Ns/m; F,=20 N. B: u =230 Ns/m; F, =2 N. C: u =200 Ns/m; F, =20 N. D: p =
90 Ns/m; F, =450 N. E: u =230 Ns/m; F; =450 N. F: i = 1200 Ns/m; F, =20 N.
G: p =230 Ns/m; F ;=800 N.

Dry friction is a highly effective parameter. The bolus takes long time to be expelled by
defecation if the parameter increases but it can be adjusted by decreasing the viscose friction.
Hence, the bolus moves in special pattern if the dry friction is between 565N and 2000N. On
the other hand, the bolus moves faster if the dry friction decreases, as illustrated in Fig. 3.

Intraluminal pressure is an important parameter. As it increases or decreases, the bolus
takes long time to be expelled despite the irritability. It can be stopped only if the intraluminal
pressure becomes higher than 15 kPa, as shown in Fig. 4.

Increasing or decreasing the amount of calcium entering the slow and fast calcium chan-
nels and potassium — calcium channels will cause a disruption in the bowel movement that
will lead to a delay in defecation, as described in Fig. 5.

If there are, no electrical pulses such as ICCs and the motor neurons reach the smooth
muscles of the colon, the bolus moves due to the fine motor function of the mechanore-
ceptors, but this movement will be in an irregular pattern, which leads to a delay defecation.
In addition, if there are no electrical impulses and mechanoreceptors, the bolus moves due to
the elastic forces but in a slow manner and with disruption. This fault can be adjusted by
decreasing the viscous friction, as it is shown in Fig. 6.

Finally, there is a strong relationship between diameter of the colon, diameter of the bolus
and velocity. If the diameter of the bolus increases, the bolus moves very fast. On the other

Figure 4: Effects of intraluminal pressure on propulsion. A: p = 0.1 kPa. B: p = 0.15 kPa. C:
p = 0.075 kPa. D: p = 20 kPa.

Figure 5: Effects of ion channel, K* - Ca?*, fast Ca2*, and slow Ca2* permeability on bolus
movements. A — norm; B — decreased permeability; C - increased permeability.
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Figure 6: Effects of stimulation and viscous friction on bolus propulsion. A: i = 230 Ns/m,
with stimulation. B: u = 230 Ns/m, no stimulation. C: p = 230 Ns/m, with
stimulation; D: u = 100 Ns/m, no stimuli.

Figure 7: The effect of the radius on bolus movements. A: ry = 0.795 cm. B: r, = 0.9 cm.
Cir,=0.6cm.

hand, if it decreases below 105% of the diameter of the colon, the bolus stops moving because
mechanoreceptors will not fire and muscles of the colon cannot affect the bolus, as there are
no stretching forces (Fig. 7).

5 CONCLUSIONS

The mathematical model of a segment of the gut reproduces qualitatively and quantitatively
the dynamics of colonic transit. Viscous, and not dry, friction is the dominating parameter in
the stability of propulsion. The reciprocal relationship of coordinated contractions of the
longitudinal and circular smooth muscle layers is essential for the movement of the intralu-
minal content. Slow and fast calcium agonist/antagonist drugs must not be given to patients
who suffer from constipation. Doctors should prescribe a combination of laxative lubricant
drugs (mineral oil) and laxative bulk-formation (psyllium, methylcellulose) to have effective
response.
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ABSTRACT

Numerical methods, and especially the finite-element method (FEM), are usually adopted for the
analyses of shockwave propagation in nonlinear inelastic media. Noise or spurious oscillations, in the
calculated stresses and displacements, frequently appear in the FEM solutions. This article introduces
and describes a numeric filter based on least-square analysis that can smooth out such fictitious noise.
The sliced least-square method (SLSM) filter is implemented in a finite elements program that solves
1D time integration of dynamic equilibrium sets of equations that simulate shockwave propagation in
multi-layered soils supported by a hard stratum. Elastic and elasto-viscoplastic material models with
dynamic yield surface constitutive relations are invoked to model sand, clay, and concrete materials in
the analyses. Results of the analyses of shockwave propagation in layers of soil and concrete without
the filter are compared with identical conditions with the inclusion of the new filter in the finite-element
program. Oscillations in calculated stresses and displacements were observed in the results when no
filter was included in the solution program. Solution results showed little or no noise with the applica-
tion of the new filter. The predicted FEM analyses results were compared with physical test results with
very good to excellent comparisons obtained.

Keywords: elasto-viscoplastic material model, finite elements, implicit time integration, spatial filter,
spurious oscillations, wave propagation.

1 INTRODUCTION

Analyses of wave propagation in multi-layered soil profiles are required in many geotechnical
engineering problems. Among these problems is prediction of magnitudes and frequencies of
shock-generated body and surface waves at the location of nearby structures. Closed-form solu-
tions do exist, and utilize assumptions of simple boundary conditions and elastic or simplified
elastic-plastic soil behaviour. However, closed-form solutions become intractable if more repre-
sentative constitutive relations for earth materials are utilized, and if large strains and/or cycles
of loading and unloading are to be accounted for. Hence, numerical methods, and especially the
finite-element method (FEM), are usually adopted for the analysis of these and similar prob-
lems. The problem is that noise or spurious oscillations in the calculated stresses and
displacements frequently appear in the FEM solutions. Calculations with such imprecision have
been recognized, and attempts to circumvent these spurious oscillations and improve upon the
solutions have been and are being carried out in several ways. Madifications to the time integra-
tion operator adopted in the FEM solution technique were proposed[1]. The incorporation of
additional sinusoidal terms in the solution method was attempted [2]. A cut-off wave length was
suggested for any given FEM mesh [3]. The addition of harmonic functions to the conventional
interpolation function to enrich the FEM formulation was introduced [4]. Calculations of critical
element size to be avoided in FEM mesh construction were explored [5]. The basic idea in all
these attempts is the modification of one or more phase(s) of the solution technique, i.e. interpo-
lation function, element size, integration scheme, etc. To summarize, all proposed solutions
dealt with a pre-result output. A different approach was to improve upon the FEM post-result
solution by use of digital [6] or spatial filters [7]. A simple, efficient, new numerical spatial filter
that smoothens out FEM-generated fictitious noise is introduced and detailed herein.
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2 SLICED LEAST-SQUARE METHOD FILTER (SLSM)
Least-square analysis forms the mathematical basis of the introduced filter. The least-square
method can be expressed mathematically as follows: Let l//(X) be defined on the interval
a<x<band let (p(x,Cl,Cz,...,Cn) be the function that is to approximate y over the inter-
val, given the selection of values for the parameters C;,i =1,2,...,n. The basic concept is that
the weighted squared error over the whole interval should be a minimum. The error ¢ at a
given point in the above-defined interval is given by egn (1):

=y (x)-¢(x,C,C,,....C,) (1)
and the integral, ", in egn (2), is to be minimized:
b

T, (C..C,.,C, ) = [W(X){w (x)=$(x.C,.C,p.....C, )} - X )

a

where w (x) is a weighting function. The target function, y, is available at a given number of
points, m. Thus, the least-square error procedure is defined as follows:

Coyr wW(x )b (%) ¢ (x)+...+
CY w(x)-(6(%)) +..t
Co 2 W) & (%) (%)= 2 W(x ) (%) w (%) ®)

Defining the elements of the matrix S and vector T as follows:
S = 2 W(x) 0 (%) (%) “)
To=2W(x) (%) w(x) ®)

one can write n equations, where n is the order of the polynomial fit plus one, in matrix nota-
tion as in eqn (6):

SC=T (6)

where C is a vector containing e coefficients C,,C,,...,C,. Solving eqn (6) yields the values
of C, through C,. And then the approximating function, ¢(x), can be computed, at any point
in the interval (a,b), using eqn (7):

(x)=2.,,Cx" 7)

The weight function, w (x,) is assigned a value of 1.0 in SLSM as no given Gauss integration
point is believed to be more accurate than other points.

The least-square regression analysis method (LSM) may be applied to smooth FEM-calcu-
lated output (e.g., stresses) of wave propagation throughout the domain of interest of a solid
body. Noise-free response is then obtained. However, illusory smoothening and flattening
of sharp peaks in computed stresses, as well as erratic response ahead of the wave front, is
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produced by application of LSM to the FEM solution output. To circumvent this problem,
application of LSM is preceded by an additional procedure designed to eliminate the intro-
duction of further erratic results in the FEM output. This procedure is developed herein, and
together with LSM, defines SLSM.

SLSM is achieved by sorting in linear order, in vector V, the magnitude of generated
dynamic loading stress components, at element Gauss integration points along the wave
propagation axis. This is followed by searching, per a pre-set criterion, the FEM output for
‘jumps’ in the calculated stress’ magnitudes between arranged consecutive Gauss integration
points. The complete set of Gauss integration points is then divided into subsets delimited by
consecutive stress ‘jumps’. A slice that is the set of Gauss integration points between two
‘jumps’ is thus generated. LSM is subsequently operated on each slice individually. Finally,
displacements, velocities, and acceleration vectors are modified according to the new stress
value (i.e. after LSM application) at each Gaussian integration point.

2.1 Stress ‘jump’ identification criterion
A stress ‘jump’ is identified at each time step when any of the following conditions is true:

2.1.1 Condition (a)
D <=R asshown in Fig. 1, other variables shown in the figure are given by egn (8) through (11).

Al = Gl /Gmax (8)

AZZ([ o H % D/Z ©)
o-max Gmax

R=|A,—a(A +A,) (10)

where « is a dimensionless factor. D is calculated using egn (11):
D=|A,—(0;/0,,) (11)

In Fig. 1, d is the distance along the selected search direction, and L is the cumulative length
of finite elements (FE) along that search direction.

2.1.2 Condition (b)
D <=R asshown in Fig. 2. The variables shown in Fig. 2 are given by eqn (12) through (15):

G-_3 0. .,
[[’—J + J—J /2 (12)
Gmax Gmax
o, o
A, = [[’—J + —’j /2 (13)
Gmax Gmax

R=|A, (A +A,) (14)

A

D= |A2 (o, /amax)| (15)



L. I. Namig & Y. Q. Abdaljalil, Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 4 (2018) 807

Figure 2: Condition (b) for stress

Figure 1: Condition (a) for stress g on (D) Tor
’ o “jump” identification.

‘jump’ identification.

2.1.3 Condition (c)
D <=R as shown in Fig. 3, where R is given by eqn (16), and the rest of the variables are as
defined for condition (b).

(16)

If none of the conditions (a) through (c) are applicable, then LSM is applied to the stresses
calculated at the end of current time step, Fig. 4.

3 EXAMPLES
3.1 Analysis of an elastic rod

Linear-elastic slender column was analysed under a variety of applied loadings as given by
eqns (17) through (20):
(a) Initial conditions:

U,=U,=0 17)
where U is the vector of nodal displacements in the z-direction. Vectors and matrices are in

bold type. Note that “u’ is the displacement in the z-direction and ‘v’ is the displacement in
the radial direction; see Fig. 5.

Figure 3: Condition (c) for stress Figure 4: Curve fit where no stress
“jump” identification. “jump” is identified.
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Figure 5: Finite element mesh for slender rod. All side nodes are restrained in the X-direction.

(b) Boundary conditions:

v=0z=[0L] (18)
u=0z=L (19)
(c) Applied load:
0,t<0
P(t)=1 2070,t =0.006s (20)

<2070,t >0.0065s

where t is time in seconds, and P(t) is in kPa. The variation of applied pressure with time is
given in [9].

The pressure P(t) is uniformly distributed on the element surface where z = 0. Axisymmet-
ric 8-node isoparametric elements were used in that analysis. A cubic polynomial fit in the
SLSM was implemented, egn (21):

o(z)=A+B-z+C-22+D-Z° (21)

where A, B, C, and D are coefficients that were calculated using the standard least-square
procedure. The exact and filtered solutions are shown on Fig. 6. The filtered solution (i.e.
calculated axial stress versus distance along the slender rod) closely matches the exact solu-
tion.

Figure 6: Elastic analysis of a slender load under dynamic load.
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Figure 7: (a) Model of a slender rod and Variation of applied velocity versus time.
(b) Comparison of the SLSM filtered solution to artificial damping method cited by
Belytschko et al. [10].

The problem of a slender column under axial strep velocity applied at the free end was
solved, Fig. 7a. The problem was presented in Belytschko et al. [10], where artificial damp-
ing in the FEM solution was employed. The exact solution, FEM solution with artificial
damping, and the SLSM filtered FEM solution, are shown in Fig. 7b. As can be seen, the
SLSM solution is close to the exact one.

3.2 Non-linear analysis of a soil column

The problem of a soil column subjected to time-varying, vertical pressure was solved. The
material model is an elasto-viscoplastic modified Cam clay model [11]. Configuration of FE
and boundary conditions are the same as for the case of elastic rod (Section 3.1). The soil
column consists of normally consolidated clay with decreasing void ratio with depth. The
applied load is as given by eqns (17) through (20). However, in this case, the peak applied
pressure, P, is 207 kPa.

Attenuation factor, o, is given by eqn (22):

a=Ac, P, (22)

where Ao, is the change in axial stress and is calculated using the output of the FEM pro-
gram. Variation of the attenuation factor with non-dimensional depth (i.e. along the axis of
the soil column) is shown in Fig. 8. As a check on the validity of the solution, the calculated
variation of attenuation factor (with depth) is compared to that published in [9]. The solution
shown in [9] is presented as Fig. 9. As can be seen from Figs 8 and 9, the variation of the
attenuation factor with depth has the same characteristics.

Change in axial (vertical) stress, using an elasto-viscoplastic material model for the clay
column with peak overpressure of 2,070 kPa is calculated. Propagation of the stress wave is
shown in Fig. 10. SLSM is applied to the calculated change in axial stress and one result is
shown in Fig. 11. The filtered solution shows larger compressive and smaller tensile stresses
compared with the unfiltered solution.
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Figure 8: Variation of the attenuation factor versus non-dimensional depth.

Figure 9: Variation of attenuation factor versus depth using bilinear 1-D stress—strain
relationship (after Hendron and Auld [9]).

Figure 10: Stress wave propagation in a clay column using elasto-viscoplastic analysis.
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Figure 11: Effect of stress smoothening on predicated change of stress in clay column (peak
overpressure = 2,070 kPa).

3.3 Non-linear analysis of sand and concrete strata

A two-strata column with plain concrete on top of sand and with an interface element between
the two materials was analysed. The thickness of each stratum was 19.97 m, and the interface
element was 0.06 m thick. Plain concrete was modelled using a non-linear stress—strain rela-
tionship. Sand was modelled using an elasto-viscoplastic version of modified Cam clay. The
applied load, at the top of the plain concrete stratum, was the same as for the clay column, as
shown in Figs 10 and 11.

The change in axial stress calculated using a linear, elastic material model was compared
with that using the elasto-viscoplastic material model, as shown in Fig. 12. A reduction in
peak axial stress was noticed in the case of the elasto-viscoplastic material model. The reduc-
tion can be attributed to energy dissipation caused by plastic strain in the concrete and sand,
given the high pressure applied with a peak of 2,070 kPa.

Figure 12: Effect of analysis type on predicted change in axial stress for the case of plain
concrete on sand stratum.
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Figure 13: Effect of stress smoothening on predicted change in stress for the case of plain
concrete on sand stratum (elasto-viscoplastic analysis).

An example of the output of SLSM filtered and unfiltered change in stress is shown in
Fig. 13. The filtered solution indicates a smooth variation of the change in axial stress versus
depth. It also indicates that a peak in stress has been reached near the fixed end of the con-
crete-and-sand column. The unfiltered solution indicates a tensile stress jump near a depth of
11 m, which is near the middle of the concrete stratum. From the mechanics of stress wave
propagation, such tensile stress jump cannot be explained, given that one end of the concrete-
and-sand column is free and the other is fixed (in the direction of wave propagation).

4 CONCLUSIONS
The application of the FEM to the problem of shock wave propagation in multi-layer con-
tinua, whose constitutive laws are complex, provides results that cannot be obtained using
existing closed-formed solutions. Spurious oscillations in FE solutions are inherent because
of the limited cut-off frequency in FE meshes. Spurious oscillations observed in the case of
material non-linearity are higher than those in the elastic medium.

A spatial filter, the SLSM, based on the least-squares method, is developed herein. The
SLSM filter proved effective in linear elastic analyses in reducing the magnitude of the spu-
rious oscillations in the calculated axial stress in a slender column, while preserving the
shape of the advancing stress wave.

The elasto-viscoplastic solution showed attenuation trend in the axial stress, which matches
with the published data very well. The SLSM filter provides smoothening of the calculated
stress in elasto-viscoplastic slender columns composed of one or more materials.
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VISUALISATION OF ACOUSTIC STREAMING USING PIV
IN NEWTONIAN AND NON-NEWTONIAN LIQUIDS
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ABSTRACT

The effect of fluid rheology on acoustic streaming was studied experimentally using a low frequency
(600Hz-15kHz) underwater acoustic transducer. The fluid rheology was compared with deionized
water and non-Newtonian fluid polyanionic cellulose (PAC). Streaming effect generated by the trans-
ducer in a static liquid medium was visualized by particle image velocimetry (PI1V) method. The motion
of fluid was optically visualized using light scattering ‘seeding’ particles. Velocity profiles induced
by the acoustic streaming have different shapes and range of magnitudes. First, the acoustic stream-
ing in deionized water was visualized for different frequencies and pressure amplitudes (voltages). A
maximum of 1 g/L PAC was then introduced in smaller steps for some selected frequency and volt-
age settings. The streaming disappeared completely when the total concentration of the fluid medium
reached 0.19 g/L PAC. The measured streaming velocities are found to be in the range of 2.1 to 9.9
cm/s for water and it is proportional to the applied voltage and the operating frequency of the trans-
ducer. When introducing PAC, the streaming velocity within water gradually decreased until zero due
to the attenuation of acoustic waves by viscous effects. This confirms that the streaming velocity is
approximately inversely proportional to the bulk viscosity of the medium. The velocity vectors and the
streaming velocity maps illustrate the induced non-linearities of the fluid medium due to the acoustic
propagation. The results are part of a comprehensive study aimed at investigating the influence of
acoustic vibration on particle settling in non-Newtonian fluids.

Keywords: Acoustic streaming, flow visualization, particle image velocimetry, rheology.

1 INTRODUCTION
An acoustic wave is pressure oscillation in a medium, propagation with the sound velocity.
For small amplitude waves there is no net measurable mass transport, since there is no net
molecular motion, only a net transport of energy and momentum. However, when a suffi-
ciently strong acoustic pressure field is applied into a viscous liquid, non-linear effects set in.
In such cases the liquid can start to flow in the same direction as propagation of acoustic
waves. This fact is explained as momentum transfer from the wave to the fluid by viscous
attenuation of a sound (pressure). Due to spatial variation in pressure amplitude around the
acoustic beam and the degree of sound attenuation, shear induced eddies and circulation
currents can be generated. The liquid motion or the steady bulk flow within any fluid medium
under these influences of acoustic waves is called acoustic streaming [1]. Simply stated,
acoustic streaming is a dissipation of the acoustic energy in the form of change of the gradi-
ents in the momentum flux [2, 3]. Streaming is only one effect [4] of the propagation of the
high intensity acoustic waves. Other effects are cavitation, agitation and oscillatory fluid
motion, etc. Acoustic streaming is a second-order steady flow [5], which is superimposed on
the dominant acoustic velocity and it is induced by the non-linearities of the acoustic propa-
gation. The absorption of the energy of the sound wave by the fluid is responsible for this
induced flow [3, 6]. Acoustic streaming is used widely for non-invasive intervention pur-
poses, both in industry and medicine. Among them, detection of ovarian cysts, detection of
blood clotting via ultrasound, convective transport in microfluidic applications, removal of
non-specifically bound proteins to allow reuse of biosensors, drug delivery, etc. [7, 8] are
popular. One of the trending utilization of acoustic streaming is to generate high efficient
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mixing and heat transfer in different applications [1, 9, 10]. This has become increasingly
important when some process conditions and the materials are risky to reach. In literature, the
studies that investigated the phenomena of acoustic streaming are limited to qualitative
description of the phenomena and very few researchers have looked at acoustic streaming in
a quantitative way. Almost all of them have reported about the streaming caused by ultra-
sound sources. Ref [11], who used a lithotripsy pulse to generate acoustic waves have found
almost a linear relationship between the streaming velocity and the generated peak-negative
pressures. Ref [6] have developed a CFD model in order to predict the acoustic streaming
assuming that the hydrodynamic momentum rate of the incoming jet is equal to the total
acoustic momentum rate emitted by the transducer. The laser doppler anemometry (LDA)
measurements performed by Ref. [1] validate their CFD model for the visualization of acous-
tic streaming induced by an ultrasonic horn. References [4, 11] state that the streaming
velocity due to any acoustic source within a fluid, is proportional to the intensity and the
surface area of the acoustic source (an ultrasound source), the attenuation coefficient of the
medium and inversely proportional to the bulk viscosity and the speed of sound in the
medium. The numerical study performed by Ref. [12] visualized the cavitation and acoustic
streaming as a result of periodic changes in pressure within a liquid medium. The application
of low frequency ultrasound is limited to studies that have been done using air as the medium
to visualize the streaming patterns and velocity. Studies of acoustic streaming within
non-Newtonian liquids are very limited except in medical field with regarding to the biolog-
ical applications. From the study performed by Ref. [10], they have experienced the acoustic
streaming produced by ultrasonic transducers in highly viscous fluid. Ref. [8] have presented
the effects of non-Newtonian viscosity and the power law model on non-linear acoustofluid-
ics by claiming that streaming velocity is highly dependent on the viscosity model of the
blood and increasing ultrasonic frequency or intensity, amplifies the streaming velocity Ref.
[13], who used LDA to study the acoustic and streaming velocity inside a cylindrical stand-
ing-wave resonator filled with air mention that the magnitude of the streaming is dependent
on fluid viscosity with temperature. However, Ref. [5] have performed a similar type of
experiment using LDA, but in isothermal conditions to prove the non-linear phenomena of
oscillatory flows and the efficiency degradation of thermoacoustic devices. According to the
study performed by Ref. [7] to predict the acoustic streaming phenomenon in Newtonian and
non-Newtonian fluids, the streaming velocities predicted for a non-Newtonian fluid are
smaller than that in a Newtonian fluid. Visualization of acoustic streaming becomes much
more representative by using a non-intrusive technique such as LDA or P1V if turbulent flow
is dominating. The intrusive measurement techniques or visual observations techniques like
streak photography to estimate the velocity magnitude is not accurate enough [1] in this
regard. PIV is based on video images of the illuminated fluid flow plane using seeding parti-
cles and produces an instantaneous two dimensional velocity vector field [14]. Ref.[4] have
used PIV technique to visualize acoustic streaming and established a positive linear relation-
ship between the ultrasonic intensity and the peak streaming velocity while Ref. [11] suggest
that P1V is a good non-intrusive technique to estimate the peak-pressures in streaming appli-
cations. References [15, 16] have used synchronized PIV technique to measure the acoustic
and streaming velocity fields simultaneously. The experimental values of the mean acoustic
velocity and streaming velocities obtained from PIV are in good agreement with the theoret-
ical values confirming the applicability of synchronized PIV technique.

The background for these preliminary acoustic experiments at low frequency (lower part
of the acoustic range) is to investigate whether they can make any considerable influence to
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the rheology of drilling fluids and subsequently the particle settling within non-Newtonian
drilling fluids. It is obvious that, scaling up of such acoustic processes has shown to be diffi-
cult due to the interactions between the sound field and the subsequently generated flow. For
that, better analytical and numerical studies of this type of low frequency acoustic streaming
are important and valuable. However, a comprehensive experimental study is necessary to get
a better insight into the streaming velocity fields within Newtonian and non-Newtonian fluids
to think and design further experiments confining to the aim. Therefore, this study considers
the acoustic streaming in both Newtonian and non-Newtonian liquids at a very low frequency
range and describes how the streaming velocity is affected in both qualitative and quantitative
manner when the frequency, input power as well as the fluid rheology is changed.

2 MATERIALS AND METHODS
In this work acoustic streaming was studied with acoustic waves generated from a low frequency
underwater acoustic transducer in an open liquid container. The experimental setup is shown in
Fig. 1. This rectangular channel is made of glass with the dimensions of 0.97 m x 0.13 m x 0.28
m. De-ionized water and 1 g/L PAC were used as the Newtonian and non-Newtonian fluids,
respectively. The white/off-white colour regular PAC granular powder (with a bulk density of
400-880 kg/md) provided by M-I Swaco, England was used to prepare the polymer solution. A
volume of 20 L liquid was used for all the test runs. After performing the test runs with deionized
water, 1 g/L PAC solution was introduced gradually to the same liquid channel in small quanti-
ties to identify the PAC concentration that does not show any streaming or any induced flow. A
low frequency underwater acoustic transducer BII-7531 (D x H = 60 x 40 mm) provided by
Benthowave Instrument Inc. Canada, with an output frequency ranging from 600 Hz to 15 kHz
was utilized. Sonication was provided as continuous sinusoidal waves in a range of frequencies
and amplitudes as mentioned in Table 1. The transducer was positioned at the centre of the liquid
body 12 cm away from the left wall of the open channel as shown in Fig. 1. The two inside ends
of the rectangular channel were covered using sponge type sound absorbing material to avoid
any sound reflection from the end walls. A function generator model 33220A from Agilent

Figure 1: Sketch of the experimental set up.
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Table 1: Test matrix used for the experiments.

Effect of frequency

Amplitude in terms of Input voltage to the Input power to the
Frequency supply voltage (mV) from acoustic transducer after acoustic transducer after
(kHz) Signal Generator amplification (Vgy,s) amplification (Wpgs)
4 500 251 115
5 500 256 13.4
6 500 263 16.6

Effect of power input

6 400 213 10.8
6 500 263 16.6
6 600 301 20.3
6 700 328 251
6 800 342 27.1

Technologies was used to generate the sinusoidal waves of different frequencies and amplitudes.
The accuracy of the generated frequency and amplitude are 1 uHz and 0.1 mV, respectively. A
linear power amplifier (B11-5061), which has a maximum power output of 200 W at +48 VDC
amplified the signal from the function generator. The amplified signal was fed to an impedance
matching unit (B11-6010) in order to match the high acoustic impedance of the transducer. \olt-
age and the current of the amplified signal just upstream of the transducer was read from an
Oscilloscope (Tektronix TDS 2024C), where the input power to the transducer was also com-
puted using the MATH function of it. The effect of input electrical power and frequency of an
acoustic wave on the streaming velocity in a Newtonian fluid was studied in axial and radial
directions. The effect of the fluid rheology on acoustic streaming was studied by gradually add-
ing some small quantities of 1g/L PAC solution to the deionized water at a constant frequency of
6 kHz and amplitude of 700 mV. All experiments were conducted in room temperature at 21°C.
The rheological measurements were taken from Anton Paar MCR 302 viscometer at constant
temperature and pressure.

2.1 The PIV system

The two-dimensional velocity fields inside the channel were measured using PIV technique.
A Basler A800-510 um colour camera (500 fps in full resolution 800 x 600) equipped with a
532 nm green laser (Photon DPGL-2200) was used to capture the images. All the images for
the test series were captured at 100 fps with a resolution of 688 x 400 pixels and the meas-
urements were made in a plane parallel to the channel length. The laser plane was illuminated
vertically through the centre of the fluid filled tank. Polyamide seeding particles (PSP-50
from DANTEC Dynamics) with a mean diameter of 50 um were added to the liquids as light
scattering tracer (‘seeding’) particles for measuring the field velocity profile. Data acquisition
was continued for sufficiently long time in order to allow the streaming flow to achieve its
steady state profiles.
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2.2 Image analysis

To calculate the streaming velocity field, acquired images were processed using PIVIab [17],
which is a Digital Particle Image Velocimetry (DPIV) tool developed in MATLAB. The tool
calculated the particle displacement for groups of particles by evaluating the cross-correla-
tion of many small sub images (interrogation areas). The camera was set so that the image
contained the whole region with the transducer and the streaming flow approximately up to
18 cm downstream the transducer. For image processing, a partial section that illustrates the
streaming flow within the liquid medium was selected as the region of interest rather than the
entire image captured. All the images were pre-processed using contrast limited adaptive
histogram equalization (CLAHE) and some background noise was removed using high pass
filter. For the PIV settings FFT window deformation was adopted with interrogation area with
3 passes. Gaussian 2 x 3 point was used as the sub-pixel estimator. Regarding post-treatment
of correlated frames and for data validation, a vector velocity threshold with a high standard
deviation value was set.

3 RESULTS AND DISCUSSION
The results of the experiments are presented in this section. The PIV technique was used for
the quantification of streaming velocity and different features of the streaming velocity maps
are discussed within this section. The effect of applied frequency, input voltages to the trans-
ducer and also rheology of the fluid medium are investigated with different visual models. All
the velocity profiles presented in this section are regressed using Gaussian model with an
accuracy of R2> 90%.

3.1 Transient flow development

The transient flow development in pure deionized water due to the application of acoustic
waves from the low frequency underwater transducer is shown in Fig. 2. Results shown here
are from the test carried out at a frequency of 6 kHz and an input voltage of 700 mV to the
signal generator, which provided an electrical input power of 25.1W, .. Figure 2 shows a
typical map of an acoustically induced flow with its temporal propagation in front of the
transducer face for 8 seconds. The flow originates from the transducer as a result of sonica-
tion. The streaming is highest along the beam centreline. A maximum flow velocity was
reached at a certain distance from the transducer, and beyond this distance the streaming was
gradually diffused. This velocity ‘smearing’ is attributed to the attenuation effects within the
liquid medium. Strong streaming was formed in the direction of the beam-axis immediately
after the transducer was switched on (at t = 0 s) and the spatial distribution of the velocity
vectors is complex with several local peaks and vortices. The temporal movement of the
acoustic wave front is similar to a streaming jet confirming the establishment of Ref. [2],
where the acoustic streaming takes the form of an inertially dominated turbulent jet at powers
above 4 x 104 W. The jet-like flow movement sets up large-scale circulations within the lig-
uid body and eventually interact back and modify the streaming jet. The shape of the visual
model of the induced flow is much distorted and vigorous as it propagates and that drives
away the particles from the transducer along the channel.
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Figure 2: Transient flow development in deionized water for 8s.

Figure 3: Axial velocity distribution in pure water at 30s. (a) At constant input voltage; (b) At
constant frequency. ("Voltage mentioned here is the input from the signal generator)
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3.2 Velocity magnitude in axial direction at steady state

Figure 3 shows how the streaming velocity varies within pure water along a horizontal axis
which contains the peak streaming velocity. The acoustic transducer is placed at the left side
and the results shown here are taken when the flow is assumed to have achieved its steady
state at 30 s. Figure 3(a) shows the variation of axial streaming velocity for different frequen-
cies when the input power to the transducer is kept constant at 500 mV and Fig. 3(b) shows
the variation of axial streaming velocity when the input power to the transducer varies at a
frequency of 6 kHz. As shown in the transient flow development in Fig. 2, the streaming
velocity is dying out in the fluid medium when it is moving away from the transducer. It is
observed that the peak velocity is obtained only one time along the beam axis closer to the
acoustic source and some other minor peaks that are not so strong can also present. There-
fore, it can be said that the acoustic streaming is significant in the proximity of the transducer
and decreases as the flow moves away from the transducer. This is due do the attenuation of
the acoustic wave and this attenuation increases with the distance from the transducer. The
shape of the curves is far from being sinusoidal and is actually much distorted. There can be
seen a strong asymmetry of the axial velocity, which drives away the particles from the trans-
ducer which can be explained due to the non-linear phenomenon and probably the presence
of superior harmonics, distorting the sinus. This asymmetric pattern of axial streaming veloc-
ity distribution is same for all the frequencies and input power values investigated. Even so,
according to Fig. 3(a), it can be seen that the peak streaming velocity increases when the
applied frequency of the transducer is increased. That is same for the axial velocity curves
shown in Fig. 3(b), where the peak streaming velocity increases when the input electrical
power to the acoustic source is increased. The maximum peak axial velocity detected was
9.94 cm/s at a frequency of 6 kHz and at an input voltage of 800 mV to the signal generator,
which resulted in a input electrical power of 27.1Wg, .

3.3 Velocity magnitude in radial direction at steady state

Figure 4 shows how the radial streaming velocity varies within pure water along a line normal
to the beam axis where the peak velocity appeared. The results shown here are taken when
the flow is assumed to have achieved its steady state at 30s. The velocity profile in radial

Figure 4: Radial velocity distribution in pure water at 30s. (a) At constant input voltage;
(b) At constant frequency. ("Voltage mentioned here is the input from the signal
generator)
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direction, perpendicular to the beam-axis, is relatively symmetrical and has its maximum at
the centre. According to Fig. 4(a), it can be seen that the radial velocity of the acoustically
induced flow within the water channel increases as the applied frequency of the acoustic
source is increased. The bell-shape of the three curves in Figure 4(a) illustrates the effect of
frequency on the velocity distribution in such a way that higher frequencies provide more
intensified push up at the centreline of the beam. When the frequency is lowered, the velocity
tends to distribute to either sides of the beam axis since they are not having much intensified
effect as it was at higher frequencies. Variation of the radial streaming velocity with the input
electrical power to the transducer is shown in Fig. 4(b) and, this clearly shows how the tip of
the bell-shaped velocity profile moves towards the right direction. This also confirms the
axial velocity distributions presented in Fig. 3 in a way that when the intensity of the input
signal is reduced, the forcing effect of the bulk liquid flow is also reduced. As a result of this,
the peak velocity may not occur exactly at the centre line or the beam axis, but at places little
lower than the beam axis.

3.4 Peak velocity variation

Variation of the peak streaming velocity (Vp) with input frequency and power is shown in
Fig. 5. This is the same peak velocity displayed in Fig. 3 after the flow is assumed to have
obtained its steady state and the two velocity components; u-velocity (axial component) and
v-velocity (radial component) are also incorporated to describe the dominant direction of
the flow. The peak streaming velocity (Vp) is composed of the two velocity components u
and v as described in eqgn (1).

V, = Vu? +v? (1)

It is seen that V_ increases with input frequency and also with the input power to the trans-
ducer as it was already discussed in the previous section and already stated by Refs. [4, 18].
The most important fact here is, the radial component of the velocity (v-velocity) is far less
than the axial component (u-velocity). This depicts a very firm idea and confirms the visual
observations that the flow is mainly driven towards the horizontal direction due to the momen-
tum transfer from the acoustic wave. According to Fig. 5(a), the v-velocity component has
been increased with the frequency which can be described as the flow is developing towards

Figure 5: Variation of peak streaming velocity in pure water at 30s. (a) At constant input
voltage; (b) At constant frequency. ("Voltage mentioned here is the input from the
signal generator)
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more vortex type patterns. However, according to Fig. 5(b), the v-velocity component is not
much responsive to the input power of the acoustic source. This assures that the flow is more
or less intensified with the power input and focusing towards the bulk axial movement away
from the transducer. It is important to mention that, the irradiated acoustical energy can differ
from absorbed energy in several times and this difference depends on many factors. Here
also, in this study, authors are talking about the input electrical power to the acoustic trans-
ducer and not the power of sonication process within the liquid medium. To determine the
efficiency of acoustic field, it is necessary to know acoustical energy introduced and absorbed
in the liquid volume.

3.5 Velocity vectors and streamlines

The length of the vector components (shown in Fig. 6) quantifies the acoustic streaming
velocity in pure water for the frequency of 6 kHz and input voltage of 700 mV to the signal
generator. Here also, the results are taken when the flow is assumed to have achieved its
steady state at 30 s. Figure 6 shows only one particular case of the experiments and vector
plots for other cases are not presented here for brevity. When analysing these vector plots, it
is observed in all of the cases that maximum flow velocity is observed in the region closer to
the acoustic source. At low frequency and low input power, most of the velocity changes
occur near the transducer without much distortions on the other side of the liquid channel.
That means, the main mixing is observed in the regions near the transducer. However, for the
higher frequencies, almost, all of the fluid achieved high velocity and the violent mixing was

Figure 6: Velocity vector plot in pure water for 6 kHz & 700 mV (steady state at 30s)

Figure 7: Streamline pattern in pure water for 6 kHz & 700 mV (steady state at 30s)
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generated within the channel up to some considerable distance. Velocity vectors give a great
insight about the mixing phenomena within the liquid.

Figure 7 shows the stream line pattern for the same case explained above in Fig. 6. The spatial
distribution of the velocity vector field is confirmed by the stream line plot which illustrates the
complexity of the motion of fluid with several local peaks and vortices. According to Fig. 7, it can
be seen that for higher power inputs, the flow reversal takes place near the transducer and flow is in
the inward direction. It indicates that there is an entrainment of liquid towards the centre of the
transducer due to the high velocity near the source and high-pressure gradient. This phenomenon
is evident from the vector plot of the velocity magnitude shown in Fig. 6 also. Some distinct vor-
tices are visible in either sides of the beam axis forming the motion more complex and confirming
the statement of [16] which says when the amplitude of the acoustic source increases, circulatory
streaming develops and is then distorted to a complicated and irregular structure.

3.6 Effect of fluid rheology on acoustic streaming.

As described in the methodology, polyanionic cellulose (PAC) was used to investigate how
the fluid rheology influences the acoustic streaming. That is one of the main objectives of
this preliminary study to use acoustic streaming effect on non-Newtonian liquids where
particle settling needs to be altered. Known quantities of 1g/L PAC were added gradually in
small portions. The streaming flow was the checked for each case as done for the pure water.
Figure 8(a) shows the influence of PAC concentration on axial streaming velocity only for
some selected cases for brevity. Results shown here are from the test carried out at a fre-
quency of 6 kHz and an input voltage of 700 mV to the signal generator which provided an
electrical input power of 25.1 Wy, ... And also, the results are taken when the flow is assumed
to have achieved its steady state at 30 s.

It can be seen from Fig. 8(a) that the axial streaming velocity is reduced with the added
PAC concentration. When the overall PAC concentration within the liquid channel reached
0.19 g/L, the streaming flow was completely disappeared. Similar to the axial streaming
velocity profiles seen for pure water in Fig. 3, here also the streaming velocity is dying out in
the non-Newtonian fluid medium further away from the transducer. However, it is important
to notice that the flow induced by the acoustic waves within the non-Newtonian medium is
smearing out quickly at a lower axial distance than that we observed for pure water. This

Figure 8: (a) Axial velocity distribution in PAC; (b) Peak velocity variation with PAC
concentration. ("Voltage mentioned here is the input from the signal generator)
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phenomena is attributed to the strong attenuation property of non-Newtonian liquid. It is
observed that the peak velocity is obtained only one time along the beam axis closer to the
acoustic source before it smears out. Figure 8(b) illustrates how the peak velocity magnitude
is reducing with the added PAC concentration. The peak velocity started with a value of 9.21
cm/s for pure water until it reaches zero when the PAC concentration became 0.19 g/L. The
experimental peak velocity magnitudes at different concentrations were well fitted by an
exponential curve shown in eqn (2) with an accuracy of R? = 97.76%.

V, =a*exp(b*C,,. )+c*exp(d*C,,. ) 2

Where, C, is the concentration of PAC in g/L and a, b, ¢ and d are constants with the values
of 6.992, -4.107, -6.898 and -4.032 respectively. The rheological properties of the resulted
PAC solution with the concentration of 0.19 g/L were measured after the experiments and the
parameters of that solution according to the power law are n = 0.97 and K=3.3 x 107 Pa.s",
where n is the behaviour index and K is the consistency index of the fluid.

4 CONCLUSION

The set of experiments were conducted to visualize the acoustic streaming produced by a low
frequency underwater acoustic transducer in both Newtonian and non-Newtonian fluids. PIV
technique was used for quantification of the streaming velocity. The features of the streaming
velocity maps, vector plot and streamline pattern were presented for some selected cases. It
was observed that, the streaming is highest along the beam centreline and the maximum peak
velocity along the transducer beam is in the axial position. Acoustic streaming is significant in
the proximity of the transducer and decreases as the flow moves away from the transducer due
to the attenuation of the acoustic wave and this attenuation increases with the distance from the
transducer. The temporal movement of the acoustic wave front is similar to a streaming jet.
Streaming depends on the applied frequency and the input voltage (power). Streaming velocity
vectors give a great insight about the mixing phenomena within the liquid and the vortices
visible in streamline plots confirm the complexity and the non-linearity of the fluid flow
induced by the acoustic pressure field. The peak streaming velocity (Vp) measured was in the
range of 2.1-9.9cm/s for pure water and that depends on the supply frequency and the input
voltage settings to the transducer. The streaming velocities observed for non-Newtonian fluid
is smaller than that for the Newtonian fluid confirming the fact that the wave attenuation is
much higher in non-Newtonian fluids.
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ABSTRACT
This research reports a vehicle occupant restraint system design that takes account of uncertainties of
crash conditions and situations by using a multi-objective robust design optimization method called
MORDO. The vehicle occupant restraint system is composed of restraint equipment, such as an airbag,
a seatbelt and a knee bolster. The optimization aims to improve the safety performance of the system
and its robustness simultaneously. The safety of the system is evaluated by some indexes based on
some safety regulations, which are calculated by response surface model of an occupant at a crash. In
addition, its robustness is evaluated by the mean value and the standard deviation of objective functions,
which are calculated by using Monte Carlo simulation based on a certain probabilistic distribution in
space of design variables around each design candidate. Some helpful information for designing the
restraint systems, such as trade-off information of safety performance and its robustness, are provided
by visualizing and analysing the Pareto optimal solutions.
Keywords: evolutionary algorithm, machine learning, multi-objective optimization, occupant safety,
robust optimization

1 INTRODUCTION

Performance of a vehicle occupant restraint system is affected by interaction among occupant
restraint equipment, such as an airbag and a seat belt. Furthermore, situations of crashes, such
as speed at the crash and posture of occupants, are various. Therefore, performance of the
system requires robustness under the interactions and the uncertainties of the design, the
condition and the situation. In automotive engineering field, summation of the mean value
and the standard deviation is used as the objective function at the robust design optimization
of the performance and the stability so far (e.g. Fu and Abramoski [1]).

On the other hand, in the aerospace and aeronautics field, some multi-objective robust design
approaches have been proposed, such as the multi-objective robust design optimization,
MORDO by Padovan et al. [2] and Parussini et al. [3], and the design for multi-objective
six sigma, DFMOSS by Shimoyama et al. [4] The features of those methods are (1) the
performance and the stability under uncertainty are set as independent objective functions,
and then (2) trade-off information of the performance and the stability are obtained in one
time optimization.

The author has been working on improving the vehicle occupant restraint system design so
far. Firstly, evaluation time of the safety performance of the design was reduced by using
response surface models of the injury criteria by Horii [5]. The response surface models were
constructed by using some machine learning methods whose training data set was CAE
sampling results of an occupant behaviour simulation. The simulation model was constructed
by using a multi-body dynamics simulation. Then significant reduction of the evaluation time
in multi-objective optimization by using evolutionary algorithm was derived by applying the
response surface models by Horii [6].

In this research, with incorporating the above outcomes, the MORDO is employed for the
vehicle occupant restraint system design. This design system evaluates some injury criteria
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and their stabilities under uncertain conditions, and then trade-off information of the performances
and the stabilities are provided to users. Subject of the design is an occupant restraint system at a
frontal crash of a vehicle.

2 MULTI-OBJECTIVE ROBUST DESIGN OPTIMZATION, MORDO
2.1 Robustness in engineering design

In engineering design, robustness against perturbation is necessary. The perturbation includes
tolerance in manufacturing, uncertainty of operating condition, error at operation and so on.
On the other hand, usual optimization seeks the best point of an objective function. A concep-
tual diagram of the above idea is shown in Fig. 1. The point A is the optimal point and the point
B is the suboptimal point, but the response of the point A is steeper than that of the point B. If
the design has fine precision, the point A may be the best solution. But if the design includes
a perturbation, the performance of the point A may be unstable and it may not be suitable. So
the engineering design requires taking account of the perturbation and the precision of the
design variables, and their effect to the objective function.

2.2 Robustness evaluation with MORDO

In MORDO, each design variable is set any probabilistic distribution of perturbation. Robustness
of a design candidate is evaluated by mean value and standard deviation of objective functions,
which are calculated by using Monte Carlo simulation based on the above probabilistic distribution
in space of design variables around each candidate. A conceptual diagram of the above idea is
shown in Fig. 2. Each design variable x; is set a certain normal distribution. Then the mean

Figure 1: Conceptual diagram of stability of design (at minimization).
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Figure 2: Conceptual diagram of robustness evaluation at MORDO.

value u(xi) and the standard deviation O ix, of the objective function are calculated. Those
mean value and standard deviation are also set as another objective function in MORDO.
Decision maker of a design is able to understand the balance of performance and robustness
of many design candidates all at once after the optimization.

3 OCCUPANT RESTRAINT SYSTEM DESIGN BY USING MORDO
3.1 Response surface model of vehicle occupant restraint system

In this research, since huge number of function evaluation is required for optimization and
robustness evaluation, it is impossible to employ direct simulation. Firstly, response surface
models are constructed by using limited samplings of direct simulation. Then, the response
surface models are employed for optimization and robustness evaluation.

Injury criteria of an occupant at a frontal crash are estimated by using a machine learning
method, Gaussian Process. The Gaussian process is a Bayesian approach, based upon the
expression of knowledge in terms of probabilistic distribution (Rasmussen and Williams [7]).
This method is a powerful regression model specified by parameterized mean and covariance
functions and suitable for estimating non-polynomial responses.

An occupant’s behaviour model of a full-frontal crash testing shown in Fig. 3 is con-
structed by using a multi-body dynamics tool, MADYMO. The model is composed of a

Figure 3: Occupant behaviour model at frontal crash.



830 H. Horii, Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 4 (2018)

Table 1: Definition of design variables.

Variable Range and name
Airbag: Time to fire (sec.) 0.015=AB_TTF=0.035
Mass flow rate 0.5=AB_MFR=2.0
Vent hole factor 0.5=AB_VHF=20
Seatbelt: Time to fire (sec.) 0.01=Belt_Preten_TTF=0.03
Load limit (N) 2000=Belt_Preten_LL=6000
Knee bolster: Stiffness factor 0.5=SF KB=2.0

Hybrid-111 dummy, surrounding equipment such as a seat and a steering wheel, and restraint
equipment such as an airbag, a seatbelt and a knee bolster. The model simulates the occupant’s
behaviour at the crash for 0.12 sec.

Input variables for controlling the behaviour of the model, consists of six design variables
regarding the restraint equipment, which strongly affect safety indexes, an airbag, a seatbelt
and a knee bolster. Definition of the design variables are shown in Table 1.

Output variables are three safety indexes based on the Japan NCAP, head injury criterion,
thoracic resultant acceleration in 3 msec. and femur load. The head injury criterion, HIC is an
index of head injury risk. The thoracic resultant acceleration in 3 msec., T3MS is measured
by an accelerometer mounted on centre of mass of a crash dummy’s chest. The femur load,
FL is measured by load cells mounted on the dummy’s left and right femurs. FL_L is the left
femur’s value, and FL_R is the right femur’s value.

After good agreement of actual simulation and response surface models were confirmed by
Horii [5], the response surface models, which are constructed by 500 of the number of sam-
pling of the training data set, are employed for following optimization.

3.2 Implementation of MORDO for vehicle occupant restraint system design

Here, the above four response surface models of HIC, T3MS, FL_L and FL_R are employed
for optimization of the vehicle occupant restraint system. The optimization problem is defined
as four-objective minimization problem. The objective functions are the mean value and the
standard deviation of the HIC and the T3MS. The FL_L and the FL_R are set as constraints.
Summary of the objective functions and the constraints are shown in Table 2.

Table 2: Summary of the objective functions and constraints.

Name

Minimize: Mean of HIC, u(HIC)
Mean of T3MS, (T 3MS)
Std. Dev. of HIC, o (HIC)

Std. Dev. of T3MS, G(T3MS)

Subject to: 1 (HIC)+30 (HIC) <1000
(Regal regulation) 1(T3MS)+30(T3MS) <588
FL_L <1000

FL_R <1000
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An evolutionary multi-objective optimization algorithm, the Adaptive Range Multi-Objec-
tive Genetic Algorithm, ARMOGA by Sasaki and Obayashi [8] is employed as an optimizer.
The flowchart of the ARMOGA is shown in Fig. 4. In order to taking account of perturbation
of detecting time of a crash, AB_TTF and Belt_Preten_TTF are selected as robust parameter.
The AB_TTF and the Belt_Preten_TTF are the parameters that define the operation timing of
the airbag and the seatbelt pretensioner. Normal distribution is selected as the probabilistic
distribution for Monte Carlo simulation. At each evaluation point, 100 samplings are gener-
ated under the above distribution for assessing the robustness. Summary of the MORDO
setting is shown in Table 3.

3.3 Optimization result

All design candidates, which were explored and evaluated by the MORDO, are shown in
Fig. 5. Pareto optimal solutions, which were extracted from the above all design candidates,

Figure 4: Flowchart of ARMOGA.

Table 3: Summary of the MORDO setting.

Optimizer setting

Optimizer ARMOGA
Population size 40
Generation 50
Crossover method BLX-0.5
Crossover rate 1
Mutation rate 0.1
Range adaptive operation:

Starting generation 20

AR interval 5

Robust setting

Robust Parameter AB TTF

Probabilistic distribution
Std. Dev. of perturbation

Number of sampling

Belt_Preten TTF
Normal distribution
o =5.0x10sec.
100
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Figure 5: All design candidates that were explored and evaluated by the MORDO.

Figure 6: Pareto optimal solutions that were extracted from all design candidates.

are shown in Fig. 6. The horizontal axis represents the mean of the HIC. The vertical axis
represents the mean of the T3MS. The diameter of each circle represents the standard devia-
tion of the HIC. The small circle means stable and large circle means unstable. The colour of
each circle indicates the standard deviation of the T3MS. Cool colour means stable and warm
colour means unstable. These charts help the decision maker to understand the trade-off bal-
ance of injury risks between head and thoraces, and stability of each design candidate
simultaneously.

As an example of showing an effectiveness of the MORDO, here we focus on two similar
design candidates, the design A and the design B in Fig. 6. The frequency distribution charts
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Figure 7: Frequency distribution of Monte Carlo sampling of HIC.

Figure 8: Response surface of HIC

of Monte Carlo sampling of the HIC of the two design candidates are shown in Fig. 7. The
response surface of the HIC for two robust parameters, AB_TTF and Belt_Preten TTF are
shown in Fig. 8.

Figure 7 shows that though the mean value of the HIC of the design A is slight superior to
that of the design B, the standard deviation of the HIC of the design A is larger than that of
the design B. Therefore, the design A is unstable and the statistical worst case, that is,
1 (HIC )+ 30 (HIC) is inferior to the design B. Figure 8 also shows that the design A is on
the slope of the response surface and it seems unstable. On the other hand, the design B is on
a relatively flat surface and it seems more stable. Accordingly, if a slight worsening of the
mean value is accepted, a robust design candidate can be obtained.

In this way, the MORDO provides a design environment, which is able to decide a final
design with taking account of robustness at a vehicle occupant restraint system design.

4 CONCLUDING SUMMARY
In this research, a multi-objective robust design optimization method, the MORDO was
applied for a vehicle occupant restraint system design. The MORDO provided a design envi-
ronment, which was able to decide a final design with taking account of robustness. The
effectiveness of MORDO was shown by visualizing and analysing with some results, such as
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scatter plot, frequency distribution of Monte Carlo sampling designs and shape of response
surface of an objective function.
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IMAGE ANALYSIS APPLICATIONS FOR THE STUDY OF
SEGREGATION IN LIGHTWEIGHT CONCRETES
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ABSTRACT

The use of lightweight concrete allows great flexibility and cost savings when it is used in building
construction having a positive impact on the energy consumption of buildings due to its good thermal
characteristics. However, it is also known that the differences between the densities of the materials
used to produce these concretes make it highly susceptible to the segregation phenomenon. The main
objective of the present work is to present a method to quantify this phenomenon using techniques of
image analysis. In this work, a lightweight concrete produced was molded in cylindrical molds using
different times of internal vibration and causing different degrees of segregation. The samples were
cured, vertically saw-cut in two pieces (halves) and the sections were photographed. Subsequently, the
halves were saw-cut horizontally in four equal parts and posteriorly their densities were determined
experimentally. The densities obtained were used to calculate the segregation index of each sample
(experimental method). Furthermore, the photographed sections were processed using image analysis
software in order to determine the volumetric proportions of aggregates in each sample (noise reduc-
tion, threshold adjustment, binarization and fill holes). The processed images were used to calculate
the densities and segregation index of the lightweight concrete produced through image analysis. In
addition, using the photographed sections, a vertical density profile was programmed to analyze the dis-
tribution of the lightweight concrete components (mortar and aggregate). Finally, the results obtained
experimentally and through image analysis were compared. This study demonstrates that the image
analysis allows a deeper knowledge of the behavior of segregated concrete

Keywords: density, image analysis, lightweight concrete, segregation index, segregation

1 INTRODUCTION
The use of lightweight concrete allows great flexibility in design and cost savings due to the
decrease in dead loads, lowering of foundation costs, etc [1-3]. In addition, the reduction of
the density of the concrete produces an increase in the thermal resistance, improving the
energy efficiency of the buildings constructed with this type of material.

Lightweight concretes usually used for structural applications are concretes with light-
weight aggregates (LWAC), in general obtained by the total or partial substitution of
conventional aggregates by lightweight aggregates and characterized by having densities
lower than 2000 kg/m? [4].

The vibration is an industrial practice to compact fresh concrete into formwork and around
reinforcement. During the vibration process, the yield stress of concrete is reduced or removed
so the concrete flows by its weight [5] for releasing air bubbles and producing concrete of the
highest density, strength and durability [6]. Usually, a concrete that has been vibrated care-
fully may contain 1 to 2% of entrapped air [7].

A homogeneous and randomly oriented aggregate distribution can improve the mechanical
properties, durability, stability and impermeability of concrete [8]. The ability of fresh con-
crete to remain uniform during consolidation is a critical issue in the mixture design [9].
During the mixing of lightweight aggregate concrete (LWAC), due to the low density of the
aggregates used and the longer mixing times [10], LWAC is susceptible to segregation of the
aggregates as a result of the differences between the densities of their components [11]. In
fact, during the vibration of the concrete, lightweight aggregates tend to float.

© 2018 WIT Press, www.witpress.com
ISSN: 2046-0546 (paper format), ISSN: 2046-0554 (online), http://www.witpress.com/journals
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As the mechanical strength of the mortar is considerably higher than the strength of light-
weight aggregates [12-14], a non-uniform distribution of the aggregates in the concrete
mixture can strongly affect the overall characteristics, which are commonly considered as
homogeneous values for design purposes.

All aspects presented above justify the experimental evaluation of segregation in concrete
using indexes for it quantification [15].

What follows are some methods to quantify the phenomenon of segregation proposed by
other authors.

1.1 Method proposed by Ke et al.

Ke proposes a method for determining the segregation index (I) [16, 17], dividing the spec-
imens into four equal sections and using the densities obtained from the upper (ptop) and
lower (pp.0n) Slices of a cylinder. A possible segregation tends to reduce the density in the
upper section because the lightweight aggregates tend to float in the mortar matrix.

The index is calculated according to the egn. (1).

| = Lo &)
pbotton

If I.=1, it can be considered that the sample shows perfect uniformity. An index of less than

0.95 indicates a start of segregation [17]. However, experimental results indicate that this

segregation index does not always reflect the real conditions of the specimen. Another fact is

the difficulty in locating concentrations of aggregates, which could demand the weighing and

the comparison of many specimens [18].

1.2 Method proposed by Lopez — Navarrete — Esmaeilkhanian

Using a particular case of the method proposed by Esmaeilkhanian et al. [19] and using an
unbiased stereology technique based on count pointing [20, 21], Navarrete-Lopez have cal-
culated a segregation index based on the volumetric fraction of aggregates at different heights
of a specimen [9]. Each specimen was divided into three equals sections (top, middle and
bottom). For the top and bottom sections, the volume of coarse aggregate was calculated
using the eqn. (2),

V :5.100% 2

ai
refi
where P, is the sum of the points intersecting the aggregate in section i; P is the sum of the
points intersecting section i and V,; is the aggregate volume fraction of section i. To evaluate
segregation, the volumetric index (VI), proposed by Esmaeilkhanian et al. [19] was
calculated:

VI(%) = Z*M*loo% 3)
at +VAB
where V,, and V,, are the coarse aggregate volume fraction of the top and bottom sections,
respectively.
The results of the studies of Kwasny et al. [20] suggest that lightweight concrete may be
considered as non-segregated when V1 values are below 20%. Esmaeilkhanian et al. [22]
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Table 1: VI range of segregation levels Navarrete-Lopez [11].

Segregation level VI range (%)
None to slight 0-40
Moderate 40-80
Severe 80-120
Slightly stratified 120-160
Highly stratified 160-200

have studied the dynamic segregation of self-compacting concrete and have proposed the
value of VI = 25% as the limit for segregation. Navarrete-Lopez proposes a scale with five
degrees of segregation to classify the results obtained (Table 1).

1.3 The use of 2D images to represent 3D phenomenon

When the distribution and location of the aggregates is evaluated based on a 2D image
(cross-section of the specimen), it is important to understand its representation in the three-
dimensional (3D). According to the Cavalieri Principle, the percentage of an area in the
cross-section of a specimen can be considered equivalent to the percentage of its volume in a
3D representation [23]. In the study of concrete, it is easier to use 2D images than 3D, in
order to represent information. Jianguo Han used the technique of 2D image analysis to study
the characteristics and distribution of aggregates in concrete[8]. The research carried out by
Masad et al. demonstrated the usefulness of this technique to obtain the percentage of holes
in bituminous mixtures using 2D images of X-ray tomographies and contrasting it with the
volumetric tests usually used in this type of materials [24]. Scrivener, in one of his investiga-
tions, discussed the limitations of the use of 2D images and affirmed that these images
correspond to a fraction of total area, directly equivalent to the fraction of volumen [25].

2 MATERIALS
The experimental campaign involved the production of a concrete made with coarse light-
weight aggregate using the Fanjul method [26], in order to produce LWAC with a target
density of 1700 kg/m3. This method allows the maximum control in the design of concretes
with a pre-set density. Table 2 includes the mix proportions.

CEM 1 525 R cement with an absolute density of 3176 kg/m?® was used; expanded clay
was used as lightweight aggregate (Arlita Leca produced by Weber, commercially referred as
M). Limestone sand was also used as fine aggregate. Prior to mixing lightweight aggregates
were presaturated. At the time of mixing, the water content of the lightweight aggregates
(54%) and the surface water content (3.7%) were determined in order to make the necessary
corrections and maintain a constant effective wi/c ratio of 0.6.

Table 2: Mix proportions to produce 1 m2 of concrete.

Cement Water Fine aggregate LWA

Wheight (kg) 350 210 991 149
\Volume (m3) 0.110 0.210 0.369 0.309
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Table 3: Characteristics of aggregates and the methods/standard used for testing.

Property Method Fine Coarse  LWA
Dry particle density (kg/ m®) Fernandez-Fanjul el al [27] 2708 482
Bulk density (kg/ m3) UNE EN 1097-3 1605 269
24 h Water absortion (%) UNE EN 1097-6 0.12 36.9
Granulometric fraction (di/Di) UNE EN 933-1 0/4 6/16

Table 4: Mortar characterization

Age (days) Density (kg/m?3) Absortion (%) Porosity (%)
7 2039 11.25 22.98
28 2049 10.78 22.25
90 2060 10.92 22.52

The main characteristics of aggregates and the methods/standard used for testing are pre-
sented in Table 3.

In order to know the physical properties of the mortar that forms part of the lightweight
concrete, and knowing its dosage, prismatic mortar probes of 40x40x160 mm (according to
UNE EN 196-1) were manufactured to characterize its density, porosity and absorption. The
curing of the specimens was in water at a temperature of 20 + 1°C; their values determined at
7, 28 and 90 days of age (Table 4).

3 METHODOLOGY
In order to achieve the objectives set forth in the previous section, the methodology described
below and represented in the diagram of Fig. 1 was adopted.

3.1 Manufacturing and preparation of the concrete specimens

The concrete was manufactured considering the following variables when making the speci-
mens (cylindrical of 150 mm of ¢ and 300 mm of height): the compaction has been performed
using an electric needle vibrator of 18000 rpm/min and a needle diameter of 25 mm. The
specimens were vibrated with six different times (5-10-20-40-80-160 seconds) in a single
layer.

After being made and cured in the water at a temperature of 20 + 1°C, the specimens were
saw-cut through its longitudinal axis, their bulk densities were determined by the hydrostatic
balance method. Subsequently, their sections were photographed for the subsequent image
analysis.

3.2 Experimental phase
The specimen’s halves were then saw-cut into four equal parts, resulting in octaves, which

had their bulk densities determined. Using the density values of the upper and lower sections,
the segregation index was obtained according to the methodology indicated by Ke [10].
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Figure 1: Methodology diagram.

3.2.1 Image processing

The same treatment was performed for all the samples: from the original image the perspec-
tive was corrected, seeking to eliminate any errors caused by the unevenness of the camera or
the surface where the specimens were located. Once the perspective correction was done, the
contrast and threshold were adjusted, the noise was reduced, the image was binarized and the
internal voids of the aggregates were filled using ImageJ (Fig. 2).

3.2.2 Binarization
With the binarization what is tried is to classify each pixel of the image, differentiating
between the lightweight aggregate and the mortar. A binary code is established where the

Figure 2: a) Original image. b) Contrast, threshold and noise adjustments. ¢) Binarization.
d) Fill holes.
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black color, representing the lightweight aggregate, have a numerical value of 1 and the white
colour, representing the mortar matrix, have a numerical value of 0.

3.2.3 Black and White matrices data processing

The black and white matrices, which represent each half of the specimen, were horizontally
separated into four parts, which represent an eighth of each of the specimens. In this way, the
densities of the upper and lower octaves of each specimen were obtained by image analysis.
From the densities obtained for these octaves, using image analysis, the Segregation Index
proposed by Ke [8] was calculated.

In addition to the study, the same procedure has been applied separating the sample halves
into three equal parts, from where the values for the volumetric fraction of aggregates of the
respective regions were determined and used to calculate the Segregation Index proposed by
Navarrete et al. [9].

To obtain the densities by image analysis, the percentage of each material in each zone was
quantified as described above and, since we know the densities of the mortar matrix and of
the lightweight aggregates, it is possible to determine the density of the section analyzed by
means of the Eq. 4, where N_ .. is the percentage of mortar pixels present in the analyzed
area, N,,,, is the percentage of lightweight aggregate pixels present in the analyzed area,
Prortar 1S the bulk density of mortar at 28 days of age (Table 4) and p, ,, is the dry density of
the lightweight aggregates (Table 3).

*
N mortar pmortar

psecci n = N

+ Nowa ™ Prwa (4)
+Niwa

mortar

Microsoft Excel was used for processing the data from the Black and White Matrices. Each
concrete sample generated one file containing one Spreadsheet arranged in 701 rows and 326
columns, equivalent to the 700x325 pixels of each image and it reference axes. In order to
facilitate the processing of the data and for obtaining more reliable results, Macros have been
programmed in Visual Basic to speed up the process.

The first step is unifying all the Spreadsheets from each concrete section into a single file
using the file UNIR.xIsm. All samples must be placed in the same directory before running the
first Macro pressing the button ‘Combine data in a single file’. This Macro generates a new
file called ‘Al_Serie_Matrices.xlsx’ in the same directory of the other samples (Fig. 3).

Figure 3: UNIR.xIsm is the tool to unify the samples in a single file (Al_Serie_Matrices.xlsx).
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Figure 4: Al_Serie_Matrices.xlIsx is the file to run the second Macro by pressing ‘Calculate
Segregation Index of all samples’. All the samples are united in this file, one sample
in each Spreadsheet.

Opening the file ‘Al_Serie_Matrices.xlsx’ and keeping the file “‘UNIR.xsIm’ running in the
background, the second Macro is executed by pressing ‘Calculate Segregation Index of all
samples’. Internally, the Macro runs a process to count the points of each region, and based
on the input data (densities of mortar and aggregates), combines this information to calculate
the densities of each region (Fig. 4), the segregation indexes of Ke et al., Navarrete et al. and
traces the densities profile. The process is automatically repeated for each sample.

4 RESULTS AND DISCUSSION
4.1 Validation of the image analysis methodology

4.1.1 Density: experimental and image analysis methodology.
Once described the methodology used in the research, this section shows the results obtained
experimentally and through the methodology of image analysis. Figure 5, on the left, shows

Figure 5: On the left, comparison of the dry densities of concrete specimens compacted with
different vibration times and obtained through and by image analysis. On the right,
experimental densities, vs image analysis of the eighth eight concrete specimen
sections.
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the dry density results of the concrete saw-cut halves vibrated with different times. As can be
seen, the results obtained by image analysis are slightly higher than those obtained with the
experimental procedure described in the previous section. This difference is higher in those
with a few seconds of vibration because, during the compaction process, a high percentage of
entrained air remains inside the specimen [7] and causes a decrease in the density of the con-
crete. However, through image analysis, voids are considered as a mortar, which is denser
than the aggregate, and therefore the result is a higher density.

In Fig. 5, on the right, the comparison between the densities obtained in the octaves of the
concrete specimens is shown. As can be observed, there is a high coincidence between the
values of dry concrete density obtained through experimental procedure and the values
obtained by image analysis. The coefficient of determination (R?) is related to the straight
line 1:1 and its R? value is 0.9239, which, according to the Evans scale [27], shows a very
strong correlation between both results.

These results demonstrate that concrete density can be obtained using photographed sec-
tion (provided component densities are known) allowing for more in-depth concrete section
analysis.

As an example, Fig. 6 shows the evolution of the density of the four concrete sections
subjected to different compaction times. As can be seen in Fig. 6, the density of the concrete
of the upper section (ptop) decreases with the increase of the vibration time when the entire
concrete specimen is saw-cut into four sections. In addition, the density of the concrete of the
lower section (py,,m) rises by the increase in the time of vibration. All this will lead, as will
be seen in the following section, to an increase in the segregation of the concrete with the
time of vibration.

Thus, demonstrate and verify that density of the concrete can be obtained by image analy-
sis. Next step is to obtain the segregation indexes proposed by Ke according to egn. (1) and
by Lopez-Navarrete according to egn. (3).

4.1.2 Segregation index according to Ke: experimental procedure vs image analysis.

As in the previous section, this section aims to verify the possibility of obtaining the segrega-
tion index according to egn. (3) by means of the image analysis of each concrete section
comparing them with the results obtained experimentally.

In Fig. 7 shows a very strong correlation (R? = 0.967) between the I values obtained by
experimental and by image analysis method. Thus, the results showed the possibility to
determine the segregation index according to Ke methodology with the photographed con-
crete section and without the need to perform experimentally the determination of the
densities.

As an example, the evolution of the concretes segregation index has been represented in
Fig. 8. As can be seen, the increase in the vibration time increased the segregation index of

Figure 6: Evolution of the four concrete density sections increasing the vibration time
obtained through image analysis.
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Figure 7: Comparison between segregation indexes (according to Ke) obtained by
experimental and image analysis method.

Figure 8: Segregation Indexes (l,) evolution (Image Analysis).

the concrete. Homogeneous concrete were manufactured with reduced vibration times (5-10 s)
because values of I, obtained were approximately 1. However, as the compaction times
increased, segregation became evident. The maximum values of I, obviously, were presented
with 80-160 seconds of vibration, where all the lightweight aggregate was located in the
upper zone of the concrete specimens (Fig. 8).

4.2 Other results obtained

4.2.1 Density profile

As demonstrated in the results, the image analysis tool obtains very closely the density values
of the concretes studied. Thus, it allows to study in detail the mechanisms of the segregation
in concrete.

For that reason, using Visual Basic, an application in Microsoft Excel was developed to
obtain the density profile of the concretes. Figure 9 shows the segregation sheets that can be
obtained using the application programmed in Visual Basic. In red, the part related to the
mortar is plotted and in blue the part related to the lightweight aggregate. Therefore, image
analysis based applications can be used to study with a greater degree of detail the segrega-
tion of concrete that is impossible or very difficult to carry out experimentally.

4.2.2 Segregation index according to Navarrete et al.

In the last section, since the use of the images to determine the density has been demon-
strated, the authors wanted to compare the segregation indexes obtained according to Ke and
those obtained according to Navarrete et al.
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Figure 9: Result sheets. Density profile of the specimen related to lightweight aggregate and
mortar parts in each section.

Figure 10: Segregation index (l,) according to Ke and VI index according to Navarrete.

The scales in both methods are different since a value of 1 or 0% means homogeneous
concrete according to Ke or Navarrete method, respectively. In contrast, a value of 0 or 200%
means a totally segregated concrete.

Plotted in Fig. 10, there was a similar trend in both methods. It was found homogeneous
values with the shorter vibration times (5-10 s) and the maximum segregation with vibration
time of 160 s.

5 CONCLUSIONS
In this paper, the main objective has been to determine the density of segregated lightweight
concrete using image analysis software and to compare with experimental results.

e The results showed that the concrete density could be obtained using a photographed sec-
tion (as long as the densities of the constituents are known).

e Segregation indexes of lightweight concretes can be obtained through the photograph of
the section. The method allows replacing the experimental method for determining the
density of each section using images of the concrete specimens.

¢ By means of the image analysis, the density profile was obtained using a tool developed
in Visual Basic. This tool let to perform a deeper analysis of the segregation phenomenon.
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Therefore, this study demonstrates that the image analysis allows a deeper knowledge of the
behavior of segregated concrete opening new possibilities for engineers to understand and
analyze the mechanisms of segregation in lightweight concrete.
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CMEM 2017
_OVERVEW |

The 18th International Conference on Computational Methods and Experimental Measurements,
organised by the Wessex Institute, with the collaboration of the University of Alicante and the
University of Naples “Federico 11, took place in Alicante.

The meeting was sponsored by those organisations, the International Journal of Computational
Methods and Experimental Measurements and the WIT Transactions on Engineering Sciences.
This well-established series of conferences has a long and distinguished history, having started
in Washington DC in 1981. It has been held in many different locations throughout the world,
lastly in Opatija, Croatia in 2015.

The continuous improvement in computer efficiency, coupled with diminishing costs and the
rapid development of numerical procedures, have generated an ever-increasing expansion
of computational simulations that permeate all fields of science and technology. As these
procedures continue to grow in magnitude and complexity, it is essential to validate their results
to be certain of their reliability. This can be achieved by performing dedicated and accurate
experiments, which have undergone a constant and enormous development. At the same time,
current experimental techniques have become more complex and sophisticated so that they
require the intensive use of computers, both for running experiments as well as acquiring and
processing the resulting data.

OPENING THE CONFERENCE

Giorgio Passerini, Professor and member of the Board of Directors of the Wessex Institute,
opened the meeting on behalf of Professor Carlos A. Brebbia, who was unable to attend. Giorgio
started by welcoming the delegates and explaining the aims of WIT, i.e. providing a medium
for the dissemination of knowledge transfer at an international level. This objective is achieved
through a series of activities, including conferences, publications, training and research, and
consultation services for industry.

WIT has developed a set of software codes that are used for a number of applications, in
fields as diverse as energy, mechanical engineering, aerospace and others. Their continuous
development is ensured by research. The codes are supported in terms of maintenance, as well
as training, an activity which resulted in the Institute setting up an office in Boston to service
the all-important USA industry.

All papers presented at the conferences are archived in Open Access format in the eLibrary of
the Institute (www.witpress.com/elibrary) where they are easily accessible to the international
community. WIT has also launched a series of international journals which cover new areas of
interest, with emphasis on interdisciplinary topics.
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CONFERENCE TOPICS

The papers presented at CMEM 17 were classified under the following topics:

Materials characterisation
Applications

Modelling and experiments
Structural and stress analysis

Computational and experimental methods

INVITED SPEAKERS

There were a series of invited lectures by well-known colleagues:

“Excursus on some research performed with infrared thermography at Federico 117,
Giovanni Carlomagno, University of Naples “Federico 117, Italy.

“Relationship between shear plane of the final pressing and fatigue crack growth
behaviour of round-bar specimens of CU processed by ECAP”, Masahiro Goto, Oita
University, Japan.

“Deep drawing formability of magnesium sheet-metals”, Hidetoshi Sakamoto, Doshisha
University, Japan.

“Water renewal time and trace metal concentration in Civitavecchia Port (Rome), Italy”,
Giuseppe Zappala, National Research Council, Italy.

“Combined experimental and numerical approach to model, design and optimize thermal
processes”, Yogesh Jaluria, Rutgers University, USA.

“Finite element simulation of spherical indentation experiments”, Stavros Syngellakis,
Wessex Institute, UK.

Delegates on the technical excursion
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Vineyard where dinner took place

CONFERENCE EXCURSION

During the conference a technical excursion was arranged to the newly built Civil Engineering
Research Laboratory at the University of Alicante.

The Civil Engineering Research building contains the following laboratories: Transport
Engineering, Construction Materials, Durability and Structural and Soil Engineering. They
have access to common facilities such as wet chambers with computer controlled environments
and a furnace room with 1m? capacity and up to 1000°C able to simulate programmed heating
curves. The central laboratory is 300m? with a 50 kN crane bridge and a 100m? reaction slab.
On this strong floor, it is possible to anchor specimens to be tested with high versatility due to
the anchor point’s matrix of 1x1m with a capacity of 500 kN per anchor point in tension and/
or compression.

In this Central Laboratory, there are two high capacity porticos with hydraulic servo actuators
of 700 kN and 2500 kN. The 2500 kN structure allows testing specimens up to 5m in height
against vertical tensile and compression loads, while the 700 kN has the possibility to introduce
vertical or horizontal loads with a height of between 1m and 5m, with a free light of 5m.
Hydraulic actuators control this equipment so that their positioning in height from height 0.5m
up to 5m in height is fully automated.

CONFERENCE DINNER

The conference banquet took place at the Casa Cesilia, a vineyard close to the historic centre
of Novelda, near Alicante. Casa Cesilia was founded in 1707 at the time of the first Marquis
de la Romana, as a farmhouse dedicated to the production of fruits, wine and oil of high
quality. The delegates were given a tour of the vineyard with the opportunity of tasting the
local wines, after which dinner was served in the restaurant. There the delegates were able to
sample delicious regional dishes.
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Conference dinner

CLOSING THE CONFERENCE

The Conference was closed by Giorgio Passerini who thanked the delegates in the name of
Wessex Institute for coming to Alicante.

The success of the meeting will lead to it being reconvened in 2019.



Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 4 (2018)

851

Transactions of the Wessex Institute

An Essential Collection

The Transactions of the Wessex Institute
collection features the leading, reviewed papers
presented at the Institute’s selected international
conferences and other papers published by WIT
Press covering specialized engineering and
scientific topics. They respond to the needs of the
research community by providing rapid access
to scientific and technical information.

The collection continues to increase in size and
prominence, with new additions each year to the
papers published since 1993.

Real Depth and Scope

Consisting of approximately 30,000 papers, the
collection is divided into three core research
areas.

Up to Date
With access to the latest research and nearly
30,000 articles, with thousands more added
every year.

Transactions of the Wessex Institute

Prestigious collection

¢ Access to the latest research
¢ Real depth and scope

¢ Peer reviewed

. Simple to use

Simple to Use

Full text access is available via PDF, with the
facility of basic, advanced and author search
options.

Subject Areas Covered

WIT Transactions on the Built
Environment

Acoustics, Architecture, Earthquake
Engineering, Geomechanics & Geo-
Environment, Marine & Offshore Engineering,
Structural Engineering & Transport
Engineering, Risk Analysis, Heritage
Architecture

WIT Transactions on Ecology and the
Environment

Air Pollution, Design & Nature, Ecology,
Sustainable Development, Environmental
Engineering, Environmental Health & Water
Resources, Energy Resources, Bioengineering,
Human Health, Biosciences

WIT Transactions on Engineering
Sciences

Damage & Fracture Mechanics, Electrical
Engineering & Electromagnetics, Fluid
Mechanics, Heat Transfer, Materials &
Manufacturing, Mathematics & Statistics,
Information Technologies, Complex Systems
Boundary Elements & Meshless Reduction
Methods & Numerical Methods for Engineering




852 Int. J. Comp. Meth. and Exp. Meas., Vol. 6, No. 4 (2018)

BOOKS from WIT prEss
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Solitary Waves in Fluids
Edited by: R.H.J. GRIMSHAW, Loughborough University, UK

After the initia observation by John Scott Russell of a solitary wave
in a canal, his insightful laboratory experiments and the subsequent
theoretical work of Boussinesg, Rayleigh and Korteweg and de Vries,
interest in solitary waves in fluids lapsed until the mid 1960s with the
seminal paper of Zabusky and Kruskal describing the discovery of the
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solitons and integrable systems. At the same time came the realisation
that solitary waves occur naturally in many physical systems, and play a
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This text describes the role that soliton theory plays in fluids in several
contexts. After an historical introduction, the book is divided into five
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