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How to get closer to reality in pressure test
simulations with the SPH method

Martin HuSek, and Jifi Kala

Abstract—The article describes an algorithm for the generation of
the spatial geometry of concrete based on a photograph, and its
subsequent use in cylindrical pressure test simulations using the
Smoothed Particle Hydrodynamics (SPH) method. The aim of the
article is to present several simple steps of the algorithm which enable
the achievement of variability in the results of simulated pressure load
tests conducted on concrete. The main aim is to achieve the best
possible match with reality. The fact is that during real load tests it is
never possible to obtain two identical results, e.g. the same stress—
strain curves for two concrete specimens. They will always differ
slightly. However, this is inconsistent with what happens in the case of
numerical simulations, where the result is always the same unless there
is a change in the input values. The idea of the algorithm is thus to
generate the spatial geometry of the structure of a material based on
the utilization of a suitably selected and optimized noise function. In a
cutting plane through its space, the noise function is visually identical
to the photograph of the material. A unique result can be obtained with
every additional photograph of the material. The structure generated in
this way can be discretized advantageously using the SPH method
while also incorporating numerical heterogeneity, which is used to
enhance material heterogeneities, e.g. in the area where aggregate and
cement binder are in contact. The article describes the whole procedure
via an example of a cylindrical pressure test performed on concrete.
The functionality of the algorithm is supported by simulation results.

Keywords—Concrete, heterogeneity, noise, Smoothed Particle
Hydrodynamics.

I. INTRODUCTION

HE complexity of computational models is constantly

increasing. This phenomenon is not tied to certain fields of
study — efforts to bring numerical simulations as close to reality
as possible are visible everywhere, and civil engineering is no
exception. When analyzing structures, the material model, the
geometry and the boundary (and if needed, initial) conditions
are all of importance. To a certain degree, the material model is
related to the geometry or the scale at which the geometry is
monitored. Why? The modeling of a heterogeneous material,
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e.g. concrete (a combination of aggregate, cement binder and
possibly air voids) can be approached in two ways. The first of
these is to use a complex material model which expresses the
behavior of concrete as a whole within a numerical simulation.
Geometrically, there would be no distinction between the
aggregate grains and the cement binder. In other words,
heterogeneous concrete would be actually treated as a
homogeneous material. The second approach is to consider
concrete as it really is, i.e. made up of a mix of components. In
this case a different material model would be used for the
aggregate and cement binder — probably a simpler one.
However, this would require the geometric creation of a model
that distinguishes between aggregate and cement binder, which
could be a demanding task.

In cases when a simple geometry is used with a complex
material model that replicates the heterogeneity of the mixture,
various optimization, sensitivity and reliability analyses often
need to be carried out [1]-[3]. There is a simple reason for this
— a complex material model has many inputs which need to be
defined. If one chooses to use a complex geometry and
relatively simple material models, this problem is avoided.
However, the creation of the geometry might be difficult. The
complexity of boundary and initial conditions is a chapter in
itself [4]-[6]. Again, one can imagine a situation in which the
choice of geometry complexity has a decisive impact on the
difficulty of solving a numerical simulation and the procedure
needed to do that — e.g. an investigation into the fire resistance
of a concrete structure [6]. In the vast majority of cases, the
basic parameters of the material are available; for instance the
thermal expansion or heat capacity of aggregate. However, if it
is necessary to determine the thermal characteristics of a
mixture, laboratory measurements have to be taken, which is
not only a costly but also a time-consuming matter. However,
if separate geometries are used for the aggregate and the cement
binder, these problems are eliminated completely. It is only
necessary to assign each part the aforementioned material
properties, which are available in every physics textbook.

The article is divided into two parts in such a way that readers
can obtain a better overview of the presented algorithm. The
first part of the article deals with the process of creating the
geometry of a heterogeneous material — concrete. The selected
scale is of a resolution at which the aggregate and cement binder
are distinguishable. The whole process is presented as an
algorithm which generates geometry from an input photo of real
material. As previously mentioned, the use of this approach is
motivated by the growing number of inputs demanded by
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material models of concrete, particularly with regard to high-
speed loading [7], [8]. For example, when the Smoothed
Particle Hydrodynamics (SPH) method is used for the
calculation, the problem is not the discretization of the
investigated domain (i.e. the complexity of the geometry) [9],
but rather the difficulty in entering the inputs if complex
computational tools are used [10].

Subsequently, in the second part of the article, the generated
geometry of concrete — aggregate and cement binder is utilized
in the simulation of a cylindrical pressure test using the SPH
method. The algorithm in this part shows how the heterogeneity
of the material can be enhanced by simply causing the masses
of the individual SPH particles to oscillate. There are several
options for the use of this numerical heterogeneity. The article
shows an application of the oscillation of the masses of SPH
particles within the transition layer — a layer where aggregate
and cement binder are in contact. The conclusion of the article
then summarizes the findings and the results of numerical
simulations.

Il. THE FIRST PART OF THE ALGORITHM

If a space exists within which a coherent noise function
(coherent noise is a type of smooth pseudorandom noise) is able
to generate values within a defined range, this suggests that a
given set of generated values could have a specific distribution
that corresponds to a certain proposed source (input). If the
source is a two-dimensional space with values that are either 1
or 0, a cutting plane through the aforementioned noise function
space could produce a section possessing values that are
identical to those of the source for many criteria.

octaves
octave 1: frequency 1, amplitude 1

octave 2: frequency 2, amplitude 1/2

octave 3: frequency 4, amplitude 1/4

NN D N\ N

octave 4: frequency 8, amplitude 1/8
T N

sums
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octaves 1 +2+3

octaves 1 +2+3+4

T e

Fig. 1. Creating higher-order Perlin noise by summing the octaves of
gradient-based coherent noises.
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The coherent noise function can be arbitrary and combinable
in any way with other coherent functions, for example Perlin
noise [11]. Fig. 1 shows one of the options for the creation of a
higher order of coherent noise — due to its self-similar pattern it
can be regarded as a fractal. Specifically, it is Perlin noise — a
type of coherent noise that is the sum of several coherent-noise
functions of ever-increasing frequencies and ever-decreasing
amplitudes. The omission of some of the octaves can result in
the creation of a very different noise.

With regard to the properties that coherent noise function
has:

1) entering the same input value (seed) will always return the
same output value,

2) a small change in the input value (seed) will produce a
small change in the output value,

3) a large change in the input value (seed) will produce a
random change in the output value,

it is possible to create a pattern which corresponds to the source
(input) according to the algorithm in Fig. 2.

A real photograph of material can be understood as a surface
on which the values of a function can be plotted. The material
is thus defined by the type of function employed, and its values.
In the case of concrete, aggregate and cement binder can often
be recognized in the photograph. The vast majority of
photographs are in color, however, and so not suitable for the
purpose of analysis. In order to be able to understand a
photograph as a function (i.e. data source) with only two values,
e.g. aggregate 1 and cement binder 0, the photograph must be
adapted via the assignment of colors. This process is depicted
in the left part of the diagram in Fig. 2. The right part of the
diagram shows the construction of the noise function in such a
way that the best possible agreement with the input photo is
achieved.

A. Generation of Spatial Geometry

To enable an easier understanding of the algorithm, the
following part of the article illustrates the process of creating
the geometry of concrete with various aggregate grain shapes —
the first part of the algorithm. Fig. 3 shows the aforementioned
left part of the diagram from Fig. 2. The suitable adaptation of
the photograph of the material allows the foreground -
aggregate (black) and background — cement binder (white) to
be distinguished. Black represents 1 values and white 0 values.

A series of analyses follows this adaptation, consisting in the
distinguishing of shapes, sizes and the evaluation of the global
value A — Lacunarity [12], [13], based on the average values
4, ,determined for each size of the evaluation box with a
beginning and orientation as

A, =(cv,,) {“—j )

He g

where CV is the coefficient of variation, o the standard
deviation and « the mean, for pixels per box.
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There are also other Lacunarity calculation methods, e.g. those
listed in [14]-[17]. However, the values obtained do not differ
from the value gained using (1). The analyzed values of the
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photograph of the material remain in the computer’s memory
and are constantly compared during noise generation. Fig. 4
shows the right part of the diagram from Fig. 2.
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Fig. 2. Diagram of the first part of the algorithm for material structure generation based on an input photo.

The generation and subsequent optimization of noise consists
of several different steps. In the first step, a suitable coherent
noise function is selected. Function databases are often freely
accessible and in many cases include both original and modified
noise variants [18]. An example is Perlin noise [11] with
applied smoothing of transition borders, which was used in
presented example and is shown in Fig. 4.

1. input photo 2. histogram adjustment

Fig. 3. Preparing the input photo for analysis.

Subsequently, the scale is changed and a suitable seed value
selected so that the generated image is as similar to the input
photo as possible. In the next step, the algorithm tries to include
the shape of the aggregate and possibly its sharpness. As the
aggregate in Fig. 3 has relatively sharp edges, the number of
included octaves had to be increased, see also Fig. 1. In this
stage, shapes approximating those in the input photo were
created in a general manner. The next optimization step consists
in the use of the threshold value, which is related (to a certain
degree) to the potential use of color inversion. The generated
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noise in this stage still has many colors even though it is only
in grayscale. By choosing a suitable threshold value, it is
possible to say which shades of gray will become black and
which, in contrast, will become white — i.e. which will have the
values 1 and 0. This choice can have several impacts.

1. noise function 2. scale

Fig. 4. Generating the structure of the material for comparison
with the input photo.
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For example, it can, to a certain extent, alter the aggregate  used in simulations with a suitably allocated material model.
size which is specified by the scale value as a priority. Black  This procedure can be utilized in practically every numerical
and white can be inverted if one wishes to determine whether  method known today, including the SPH method.
the generated noise could be improved. It should be stated that Y
the threshold value is used for the whole time in the background
of the optimization, but at a limited level. The last step of the
algorithm is noise iteration. Put simply, with iterations, the
noise starts to project itself onto itself and add up in a suitable
manner. The obtained effect can represent additionally
generated aggregate grains in places where only cement binder
was present. If it is subsequently recognized that there is good
congruence between the input photo and the generated image,
the process of noise generation and its optimization is
completed. Fig. 5 shows a more detailed comparison of the
input photo and generated image.

~

input photo

original scale

Fig. 6. Generated structure of concrete. From the left: aggregate and cement
binder.

With the described procedure, variable results can be
obtained (e.g. for cylindrical pressure tests performed on
concrete) which will still correspond to those from real
experiments. In this case, the variability concerns the failure of
the concrete cylinder, and the related stress—strain curve.
Thanks to this, various sensitivity analyses can be tested.

zoomed

Fig. 5. Comparison of the input photo and the generated image.

B. Evaluation of Generated Geometry

As previously said, even though only a section of the material
was compared, the noise functions can be seen to be spatial.
Any changes to the generated section are also projected into the
noise space. Both of the generated structures, aggregate and
cement binder, are depicted in the form of a cylinder in Fig. 6.

As can be seen from Fig. 6, the spatial geometry of the
aggregate as well as the cement binder makes a very realistic
and convincing impression. The spatial arrangement of the
aggregate and its size were influenced mainly by the choice of
noise function, selected scale and seed value. These parameters
can thus be considered to be global. The shape itself, the
proportions and details of the aggregate were then influenced
by the selection of the number of octaves, the threshold value
level and the number of iterations. With regard to this fact, these
parameters can be considered to be local. It is obvious from
what was mentioned that the first part of the algorithm utilizes
the descending concept of optimization, which is usual for the
majority of optimization algorithms.

Fig. 7. Generated structure of the transition layer of concrete.

There is a way to enhance the introduced heterogeneities
even further, or bring them even closer to reality. It needs to be
1. THE SECOND PART OF THE ALGORITHM pointed out that the whole process is very simple when the SPH

The created aggregate and cement binder geometry can  method is used. It is all about the use of the layer where
subsequently be discretized by any numerical method and then  aggregate and cement binder are in contact — the transition
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layer. The surface of the aggregate may not always be perfectly
covered with cement binder, and the process of the
solidification and hardening of cement in this area also may not
be perfect. This can result in areas on the aggregate where the
adhesion of the cement binder may or may not be optimal. In
practice, in the case of the SPH method, this means the
properties of the particles belonging to this layer require
suitable modification.

In order to continue, the spatial geometry of the transition
layer needs to be obtained. Again, it can be obtained in several

Volume 11, 2017

ways, e.g. by using the geometry of the aggregate or the cement
binder. The contact surfaces can be considered to be the
midsurface of the transition layer. The spatial geometry or
volume of the transition layer can be obtained via a simple
symmetrical offset in the direction of the normals of the
geometry. The SPH particles which lie within the volume of the
transition layer are the aforementioned particles with which the
properties will be modified. Fig. 7 shows the transition layer for
the already generated aggregate and cement binder geometry.
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Fig. 8. Diagram of the second part of the algorithm for material structure generation based on an input photo.

A. About the SPH Method
The formulation of the SPH method is often divided into two
key steps. The first step is the integral representation of field
functions, and the second is particle approximation [19].
Assuming that the finite volume AV; is assigned to SPH particle
j, the following relationship applies
m; = AV, p; (2)
where m; and pj are the mass and density of particle j. The value
of the monitored quantity f (x;), which is the product of integral

representation and particle approximation operations, can thus
be written as

f(xi)zzN:—"f(xj)W(xi—xj,h) A3)

where W is the smoothing function and h is the smoothing
length defining the influence area of the smoothing function W.
Equation (3) states that the value of a function at particle i is
approximated using the average of those values of the function
atall of the particles in the support domain of particle i weighted
by the smoothing function [19].

B. SPH Particles Within and Outside the Transition Layer

For an easier understanding of numerical heterogeneity and
in order to avoid possible misunderstandings, a prerequisite has
been introduced: all particles have the same material model
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allocated to them — in other words, p; is the same for every j
particle. At the same time, in order to eliminate the chance of
the occurrence of numerical cracks [20]-[22], the particles are
distributed in such a way that they are arranged into a regular
grid — in other words, AVj is the same for every j particle. With
regard to the above-mentioned facts, it can be concluded that
every SPH particle has the same mass m; with regard to validity
(2). This state can be regarded as the initial state that exists
before the creation of the material parameter oscillations
themselves, and simultaneously as the next step of the second
part of the algorithm. SPH particles outside the transition layer
area consequently remain with their initial parameters pj, AV;
and thus also m;. SPH particles within the transition layer will
have these parameters modified to a certain degree.

C. How to Amplify Heterogeneity

Each SPH particle can be considered a Lagrange element
with regard to the fact that the mass m; allocated to a particle
moves together with the particle during the simulation. Also, it
can be stated that mass m; acts in (3) as a weight coefficient.
The higher the m; value, the more particle j is going to influence
its surroundings. This information can be utilized very simply
to create numerical heterogeneity [23].

Numerical heterogeneity can be considered to be an
adaptation of the computational model in the sense of the
modification of its numerical code or of the numerical method
with which the simulation is calculated. Combination is also
possible. The following process can be considered a
combination of both methods as it is essentially modifies the
computational model as well as the numerical method. The

230



particles (pcs)

INTERNATIONAL JOURNAL OF MECHANICS

modification consists in the introduction of the oscillation of the
masses of SPH particles within the transition layer. However,
this oscillation will directly precede the compilation of
equations (3) for each i particle. In other words, the oscillation
of the weight coefficient occurs directly. Other impacts may
include the creation of virtual geometry in the background of
the calculation; more information can be found in [23]. The
process of creating numerical heterogeneity and also the rest of
the second part of the algorithm can be seen in the diagram in
Fig. 8.
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Fig. 9. The mass distribution function generated for particles within the
transition layer.

In the first stage of the creation of numerical heterogeneity,
constraints must be applied if there are any. These can be, for
example, the sum of all modified masses, which has to equal
the original sum of unmodified masses. In the next steps, the
selection of the statistical distribution of masses and the
intensity of oscillations themselves takes place. After the
generation of these new masses, or weight coefficients, the
evaluation of the smoothness of the transitions of the whole
generated field occurs. In other words, the sizes of the
differences in oscillations between the neighboring SPH
particles are evaluated. If the differences are too great,
smoothing of these transitions takes place, thanks to which the
simulation is more stable. If the numerical heterogeneity is then
evaluated as being sufficient, the computational model is ready.
Otherwise, another generated series of oscillations can be
added, which further enhances the numerical heterogeneity.
The distribution of masses can resemble that shown in Fig. 9,
where it is depicted in the form of a histogram interleaved by a
curve of a selected statistical distribution.

IV. NUMERICAL SIMULATIONS

To illustrate the functionality of the algorithm, static load
tests conducted on cylindrical concrete specimens (numerical
models or models for short) using controlled displacement were
simulated. Stress—strain curves were recorded at the same time.
The cylindrical specimens were 300 mm high and 150 mm in
diameter. As one of the conditions for the functionality of the
introduced algorithm was the regularity of the initial particle
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distribution, the cylinders were discretized with 80 particles
along the height and 40 particles along the width or depth. The
particles were arranged into a regular grid field, not a radial one,
and a total of 15 load tests were simulated. The first tested
model did not contain any heterogeneities — in the following
text, it is referred to as a homogeneous model. The remaining
14 heterogeneous models were created using the described
algorithm.

The simulations involved 97,280 SPH particles in total and
were performed via the LS-DYNA program [24]. The
Continuous Surface Cap Model (CSCM) was chosen as the
material model of concrete to be used [25], [26], meaning that
material was the same everywhere except for the transition
layer where oscillations were included. The CSCM material
model has been tested by the authors many times in the past and
was selected mainly due to its great ability to capture even
complex types of loading, see e.g. [7]-[9], [27]. Table I shows
the parameters employed in the simulations.

Table I. The material parameters for the CSCM model.

Mass density, pc (kgm?) 2207
Compressive strength, f; (MPa) 47
Initial shear modulus, G (GPa) 12.92
Initial bulk modulus, K (GPa) 14.15
Poisson’s ratio, vc 0.18
Fracture energy, Gr (Jm?) 83.25

Fig. 10. Failure of two generated models at the end of the pressure test. Light
gray particles — undamaged; black particles — damaged.

V. RESULTS OF NUMERICAL SIMULATIONS

The aim of the numerical simulations was the creation of
variable results which still correspond to those of real
experiments as much as possible. The requirement was mainly
to obtain variable types of failure and the stress—strain curves
which correspond to them. Thanks to the variability of the
results, various sensitivity analyses can be tested, a fact which
will play an important role in any possible optimization
processes. As material structure from 14 different input photos
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supplemented with 14 unique mass oscillations was generated
for the 14 tested models, there really are differences in the
obtained results.

Fig. 10 shows a comparison of the failure of two test models.
It is obvious that the failure in each case is similar, yet different.
Fig. 11 shows the stress—strain curves. The homogenous model
curve is drawn with a thick line.

50.0

compressive stress (MPa)
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It is clear that the heterogeneous models oscillate around this
curve. However, the vast majority of the heterogeneous models
do not reach the maximum load bearing capacity, i.e. 47 MPa.
This can be explained as being due to the high intensity of mass
oscillations or insufficient smoothing of the oscillations of the
neighboring SPH particles.

homogeneous model
generated heterogeneous
models

0.0

0.001 0.002 0.003

0

.004

0.005 0.006 0.007 0.008

longitudinal strain (-)

Fig. 11. Stress—Strain curves of homogeneous and generated heterogeneous models.

VI. CONCLUSIONS

The first part of the article presents the process of creating
spatial geometry — material structure of concrete, using an
algorithm based on the comparison of an input photo of real
material with the generated image of a section cut through a
space filled with noise. Using a simple algorithm cycle, in
which the optical congruence of the input and generated image
are improved thanks to a change in the parameters of the noise
functions, the spatial structure of the material is generated in the
background of the process. The first part of the article presents
the functionality and individual steps of the process using
example of the generation of concrete with various aggregate
grain shapes.

The second part of the article works with the created
geometry and shows how it is possible to enhance the created
heterogeneities further in the case of the use of the Smoothed
Particle Hydrodynamics method. The creation of a transition
layer is explained, as well as the role it plays in numerical
simulations. The second part of the algorithm concentrates on
the creation of numerical heterogeneity. Again, a simple
cycle based on the choice of distribution function and the
intensity of the oscillations of material parameters is sufficient
for the creation of numerical heterogeneity. Also, numerical
simulations of concrete load tests are included in the second
part of the article. The functionality of the second part of the
algorithm is again supported by results which demonstrate,
among other things, a certain variability in the stress—strain
curves of the tested numerical models.

The article as a whole presents a procedure which enables
signs of heterogeneity to be included in numerical simulations
in a very simple way.
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