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ABSTRACT

This paper presents a new real-time method to model and render how sprayed concrete is spread on a surface.
The method not only models and renders deposits sprayed from any angle, any distance and with any concrete flow, but
it is also able to compute the amount of deposited volume taking into account the percentage of material that rebounds.
The proposed method has been developed for a real-time training simulator for concrete spraying machinery, where
most of the algorithm is parallelised and computed in the GPU, leaving the CPU free for other computations. In this
research, the method has been validated for its use on plain surfaces and tunnel walls, but it can be extended to other

types of surfaces.

Categories and Subject Descriptors (according to ACM CCS): 1.3.5 [Computer Graphics]: Computational Geometry and
Object Modeling—I.3.7 [Computer Graphics]: Three-Dimensional Graphics and Realism—

1. Introduction

Nowadays simulators are gaining importance in the train-
ing of civil machinery operators due to the reduction in
cost of these tools. The main advantages of simulators are
the economical benefit thanks to the savings in materials
and the practical absence of safety risks. Other simulators
for civil work have been successfully implemented such as
[VSA*09] and [PCGFGMDO9]. In a similar way, tools for
training operators of concrete spraying machinery are re-
quired. Shotcrete, or sprayed concrete, is used in tunnels and
other underground constructions to preserve the stability of
the rock. The aim of the operator is to cover the tunnel walls
with a uniform concrete layer of a specific thickness.

This research project is part of a program to develop a
training simulator for a concrete spraying system. Figure 1
shows the entire spraying system, which consists of a car-
rier vehicle and a telescopic spraying arm. The nozzle, from
which the concrete is sprayed, is at the end of the telescopic
arm and is guided manually by a machine operator. The
spraying system is specially designed for its use in mines,
tunnels and pits.

The training simulator must reproduce the concrete spray-
ing system with a high degree of realism, providing complete
training on each of the different spraying modes, mainte-
nance operations, and diagnose and solution of breakdowns.
The training simulator’s architecture consists of an instruc-
tor station and up to eleven trainee stations. The instructor
station is able to edit, visualise and evaluate the training ex-
ercises that run in the trainee stations. Each station is com-
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Figure 1: Concrete spraying system.

posed of a standard PC, forming a network where the in-
structor station can control remotely any other station.

The main difficulty in the development of this training
simulator is the creation of a realistic model of shotcrete be-
haviour for a real-time environment. More specifically, there
is a necessity to model how the concrete is spread through-
out the wall. The complexity of a continuum approach has
led to the use of discrete methods for shotcrete modelling,
like the Discrete Element Method (DEM) [CS79]. The first
to introduce DEM in shotcrete research were Puri and Uo-
moto [PU99], who modelled the fresh concrete as a two
phase granular material, composed of gravel and mortar par-
ticles. This method has recently been employed to simulate
the workability of fresh concrete [GYSF10]. DEM produces
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accurate physical simulations but it is computationally ex-
pensive. Thus, it is not the best solution for a real-time ap-
plication.

In [GMO1], the theoretical shotcrete layer thickness is cal-
culated by overlapping a spray profile in parallel horizontal
path lines. The spraying distance, the nozzle velocity and
the perpendicularity of the nozzle to the rock are maintained
constant throughout the entire simulation, which are limita-
tions that a training simulator cannot assume. The way con-
crete spreads on the wall can also be modelled using a spray-
ing density function, but such a function can only be repre-
sented analytically in the simplest cases [RNRO9]. In all the
other cases, some tests must be performed to estimate the
parameters of the model. Then, the parameterised model can
be used for making thickness predictions.

[BT09] proposed using an adhesion calculation system
that refreshes the data stored in a height map. However, their
focus is on the visual appearance and not on the development
of a realistic model, while in a training simulator both are
necessary.

This paper presents a new method that generates the sur-
face of a shotcrete layer by adding spray deposits. The
method divides the tunnel walls in a grid, and casts a ray
from the nozzle to each cell, computing how much concrete
is deposited. The data is stored in a height map, which is
used to render the concrete surface. This method can run in
a real-time application such as a training simulator.

The paper is organised as follows. In the second section,
the modelling of the proposed method is described, and in
the third section how this model is rendered is explained. The
forth section shows the results and the last section presents
the conclusions.

2. Modelling

This section explains how the proposed method obtains a
three-dimensional model of the shotcrete layer’s surface.
The section is divided into three main parts. The first one
describes the calculation of the shape of each static deposit
that forms the shotcrete layer profile, the second explains
how the deposited volume is estimated, and the last one de-
tails the implementation of the described model.

2.1. Estimation of the shotcrete layer profile

In our method, similarly to [GMO1] [RNRO09], the shotcrete
layer profile is calculated as a sum of static spray profiles.
This idea has also been used in agricultural engineering to
calculate the herbicide distribution on crop fields [TZ00]. At
each time step, the corresponding spray deposit is calculated
and added to the previously calculated ones to form the cur-
rent layer.

Static spray distribution models are represented as a func-
tion describing the height of the deposit in two-dimensional
space [RMDBO97]:

h:{ f(xy) if x,y € dom(f)

0 if x,y & dom(f) M

The domain of function f, dom(f), is the stationary nozzle
spray cone covering area. The way the static spray deposit is
calculated is the main innovation of this method.
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Figure 2: 3D representation of a shotcrete deposit gener-
ated from an experimental sample.

As a first step to get the proposed static spray distribution
model, some tests were run under ideal working conditions:
with the nozzle perpendicular to a plain surface and situated
at a distance of 1.5 metres. The measurements concluded
that in these working conditions, with the nozzle perpendic-
ular to a plane surface, the deposits can be represented as a
surface of revolution, as shown in Figure 2. Only the half
cross section of one of these sample deposits needs to be
stored, as the rest of the deposit shape can be reconstructed
using this information. Additionally, with our algorithm, any
other deposit shape will be predicted using this half cross
section.

From the measurements, a table is obtained that relates the
angle to the nozzle direction vector, 3, and the height of the
sample deposit, &s. Figure 3 shows the measured relation-
ship between B and . Linear interpolation has been used to
obtain the height for all possible angles.
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Figure 3: Angle between the nozzle direction and the ray
(B) vs deposit height (hs).

In the algorithm, the surface that is going to be shotcreted
is divided into a grid that forms the height field that will
define the shotcrete layer’s surface. In the i"" time step, a ray
from the nozzle tip to the centre of each cell of the grid is
casted. The angle [; is calculated as depicted in Figure 4,
using as input the total height of the cell at that time instant,
heri = Lo hen, Where ey is the height’s growth at the n'™
time instant.

Depending on the angle between the nozzle direction vec-
tor and the ray, a certain amount of concrete volume is de-
posited on the cell. This volume is equal to the multipli-
cation of the cell’s area (A¢;) and the increase in the cell’s
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Figure 4: Angle between the nozzle direction vector and the

ray (Bi).

height (h¢;). Assuring volume conservation, this increase in
the cell’s height can be estimated as:
Asi

hei(B) = hs(B) A ©)

where Ag; is the area on the sample deposit. In order to obtain
this area, Ag;, we propose projecting the cell area on a plane
perpendicular to the nozzle direction as shown in Figure 5.
If a line from the nozzle to each of the vertexes of the cell
is traced, the projected area is delimited by the intersection
points of the four lines with the plane, as seen in Figure 5.

Figure 5: Projection on a perpendicular plane of the area
that covers the ray.

The volume deposited in Ag; equals the volume deposited
in Ac;, as Figure 6 shows. Each ray deposits a certain amount
of material, and this amount depends on where this ray is sit-
uated in the spray cone. If the ray is outside the spray cone,
because the angle between the nozzle direction vector and
the ray is bigger than the spray angle, it will not deposit any-
thing. There are different models of spraying nozzles, with
different spray angles, and it is possible to simulate them by
changing the table displayed in Figure 3. This table can be
obtained by means of experimental measurements, as is the
case in this research project.

For every time step that a cell is sprayed, its height grows,
changing the shape of the shotcrete layer. The proposed al-
gorithm is employed to estimate this height growth. This
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Figure 6: Volume conservation.

model can be extended to be used on different types of sur-
faces, such as tunnel walls. In this case, the height of each
cell grows following the normal vector of the tunnel’s exca-
vated profile on that point, and the sprayed area of each cell
is approximated by simplifying that surface piece to a plane.
Figure 7 shows a tunnel section where the points that delimit

Figure 7: Tunnel section with a sprayed cell.

the cell’s top face are a translation of the cell’s base points
following a normal vector. This way:

Py =Py+in- her 3)

where 71, is the unitary normal vector. Note that this sprayed
area, Ac;, decreases as the cell’s total height increases, since
cells grow on the concave part of the tunnel. This model can
easily be applied to other types of surfaces, it is only neces-
sary to know the normal vector and the Cartesian coordinates
of the surface points that define the height field’s grid.

2.2. Deposited volume

One of the required features for a concrete sprayer training
simulator, is the control of the output concrete flow of the
spraying machine during the simulation. Using equation (2),
all the sprayed deposits have the same volume, which means
that the concrete flow remains constant throughout the sim-
ulation. To break this limitation, we just add a new term to
the equation:

Vbi Agi
heilB) = 2 hs(B)- 3 @
where Vp; is the volume we want to obtain for this static de-
posit, and Vg is the volume we obtain using directly (2). The
volume of each static deposit defines the current concrete
flow, so:

Vpi=0;- 1 (&)
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where Q; is the output flow and ¢; is the time the step takes.

However, in a real application, not all the sprayed material
is stuck on the surface, some percentage is lost due to the
rebound effect. The machine operator should minimise the
amount of material rebounded, because a waste of material
implies a waste of money. The skill of the trainee minimis-
ing the rebounds is one of the main evaluation factors of the
simulator’s training exercises, so it is necessary to estimate
correctly this rebounded volume.

There are four major factors that influence the amount of
concrete rebound [MelO1]: nozzle angle to substrate, accel-
erator dosage, nozzle distance to substrate and area of appli-
cation in the tunnel.
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Figure 8: The principal spraying factors that influence re-
bound [MelO1].

Figure 8 displays a graph created by [MelO1] that shows
these factors influence, which has also been used in other
research projects [BT09] [RRO7] [MNROS]. The most sig-
nificant factor is the nozzle angle to substrate, which is the
angle that forms the vector that defines the nozzle direction
and the normal vector of the surface at that point. This angle
should always be maintained near 90°. The next two factors
are the accelerator dosage and the nozzle distance to sub-
strate. The accelerator is one of the shotcrete components,
that it is used to enhance its performance in shortening the
setting time. These two factors do not influence the rebounds
if they are maintained at optimal working values. Finally, the
last factor, the area of application, is equivalent to the influ-
ence gravity has on the process. Analysing Figure 8, it can be
noticed that the greatest amount of rebound is at the crown,
which is the highest part of the tunnel, and in this position,
the nozzle is oriented upwards, against gravity.

In our model, the rebound percentage is calculated using
these curves. Each time step, the values of these four fac-
tors are calculated and then, the influence of each factor is
estimated by looking up the curves. Finally, the deposited
volume is calculated as the difference between the output
volume and the rebounded volume, obtaining the following
equation to compute the height growth of each cell at each
time step:

(100—Pg;) Q- t;

hei(B) = 00 Vs - hs(B)

Asi

Aci ©

being Pg; the percentage of rebounded material.

2.3. Implementation

A great advantage of this algorithm is that the new height
of each point only depends on the nozzle emplacement and
its previous height. Therefore, the new heights can be calcu-
lated using the GPU, exploiting the parallelisable features of
the algorithm.

The model proceeds iteratively, using the output texture
from the previous step as input texture. Thus, in our im-
plementation of the model, the height field data is stored
in two textures and a ping-pong technique is used to ac-
cess to them. The dimension of these textures depends on
the requirements of the simulation. More precise simulations
are achieved by using bigger textures; however the compu-
tational costs also increase.

Additional information must be transferred to the shader
to fulfil the simulation step, both the information that de-
scribes the shape of the surface where the concrete is sprayed
and the information of the sample deposit that describes the
spray distribution.

The information describing the shape is transferred using
a texture where the data of the excavated profile is stored.
Information describing the tunnel’s geometry and the nor-
mal vector of each point is stored in the texture. The size of
this texture depends on the irregularities of the profile. In ir-
regular profiles more data is needed to describe it, therefore
bigger textures are necessary.

The second data, the information of the sample deposit,
is also transferred using a texture. For computational effi-
ciency, the height of the deposit is transmitted relative to the
cosine of the angle instead of the angle. Thanks to this differ-
ence, several cosine computations are avoided in the shader.

The implemented algorithm can be summarised as fol-
lows:

1. Calculate the volume of the current static spray deposit.

2. Calculate the plane perpendicular to the nozzle direction.

3. Cast aray to each cell of the height field and calculate the
cosine of the angle between the nozzle direction vector
and the casted ray.

4. Project the area of each cell on a plane perpendicular to
the nozzle direction.

5. Compute the equation (6) to calculate the height growth
of each cell, and store it in the output texture.

6. Swap input and output textures.

The algorithm is computed each time a frame is drawn. The
first two points are computed in the CPU, and the rest in the
GPU.

3. Rendering

For rendering the concrete layer a square mesh is defined,
the resolution of the mesh is equal to the resolution of the
texture where the height field is defined. The height field
information is updated in each simulation step, and in each
texel the displacement of the corresponding vertex is stored.

A shader has been programmed to render the concrete
layer. The shader receives as input data the squared mesh,
the height field texture and the texture where the profile of
the tunnel is stored.

First, the real position of the vertex in the tunnel and its
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normal vector are calculated using the profile texture. Then
the vertex is displaced according to the quantity stored in the
height field texture following the normal vector’s direction.
Then a new normal vector is calculated, taking into account
the profile of the tunnel and the shape of the concrete layer.
This normal vector is necessary to obtain realistic lighting.

If the rendering phase finishes at this point, the concrete
will have a soft look, without the roughness that appears in
concrete surfaces. This problem is solved using Perlin noise
[Per02]. The perlin noise is transferred to the shader and is
used to modify slightly the normal vector, achieving a more
realistic appearance.

4. Results

The model described above has been implemented in a new
training simulator for a concrete spraying machine. Each
time step, the rebound percentage and the coefficients of the
plane perpendicular to the nozzle direction are obtained. The
rest of the model is computed in the GPU using Cg, thereby
parallelising the majority of the algorithm..

In order to test the volume conservation of (2), some tests
were run with different nozzle distances and different nozzle
angles to the surface. All the deposits were sprayed on the
same tunnel area. The tunnel measured 6.47 metres high, 8.9
metres wide and 25 metres long. The height field resolution
was 512x512 cells.
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Figure 9: Deposit sprayed with a nozzle angle of 60°.

Table 1: Volume conservation test results

Nozzle Nozzle Relative
distance (m) | angle (°) | error (%)
1 90 4.752
1 60 3.029
1 45 2.868
1.5 45 0.41
2 90 0.2244

Table 1 shows the error in the volume estimation of each
static deposit relative to the sample deposit. This sample de-
posit is the one obtained from the tests, which is also used
to generate the curve displayed in Figure 3. In all the studied
cases, this relative error is below 5 %. Thus, we can con-
clude that the volume conservation is fulfilled with the pro-
posed method. It can also be noticed that the relative error
decreases as the covering area of the spray cone increases.
This is due to the fact that a bigger area involves a greater
amount of cells, which reduces the discretisation error.
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Figure 10: Sprayed tunnel wall.

Figure 11: Sprayed tunnel wall.

Figure 9 displays a concrete deposit sprayed on a plain
surface with a nozzle angle of 60°. The magenta coloured
line represents the nozzle direction. The maximum height of
the deposit is on the nozzle direction, which is a logical re-
sult since it is in the centre of the spray cone where more
material is deposited. The shape difference between this and
a perpendicularly sprayed deposit can be noticed by compar-
ison with Figure 2. Figure 10 and Figure 11 display screen-
shots of the training simulator where a sprayed tunnel wall
can be seen. We can observe that the proposed model is able
to represent accurately how the shotcrete is sprayed onto the
wall.

The proposed method has been successfully implemented
in a real-time application, where the computation time of the
method has been measured. The application, a training sim-
ulator, runs on an Intel Core2 Quad Q9550, with 3.25 GB of
RAM and a NVIDIA GeForce GTX 275 GPU. Using a tex-
ture size of 512x512 for the height field, the computing time
of the modelling and rendering is 1.72 ms. With a texture
of 1024x1024, the computing time is 6.88 ms. The obtained
computing times are suitable for a real-time application, and
moreover, the proposed method is much more time efficient
than other methods such as DEM [CS79].
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5. Conclusions

This paper presents a new method to model and render in
real-time how shotcrete is spread on a surface. Each time
step a static spray deposit is calculated and it is added to the
final shotcrete layer. The way the static spray deposit is cal-
culated is the main contribution of the method. The surface
is divided into a grid, and a ray is casted from the nozzle to
each cell, computing how much concrete is deposited. The
data is stored in a height field, which is used to render the
concrete surface.

In order to prove the volume conservation of the static
spray deposit calculation model, some tests were run with
different nozzle distances and different nozzle angles to the
surface. The relative error was below 5 % in all cases, satis-
fying the considered volume conservation hypothesis. More-
over, the method is able to compute in real-time the deposits
sprayed from any angle, any distance and with any con-
crete flow. Thus, the method has been proven valid for its
use on a training simulator for concrete spraying machinery.
The method is also capable of computing the amount of de-
posited concrete volume considering the percentage of ma-
terial that rebounds due to the four most influential factors.
Most of the proposed algorithm is parallelised and computed
on the GPU, leaving the CPU free for other computations.
Finally, the model has been validated for its use on a plain
surface and on tunnel walls, but it can also be extended to
other surfaces.
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