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Influence Of Vibration Parameters
On The Manufacture Of Micro
Concrete Roofing Tiles

ABSTRACT

RESUMEN

“Vibrated Tiles” (TEVI) is a technology based on
JP.M. Parry & Associates equipment, whose
essential component is a small vibrating table on
which a 3 kg mass and 10 mm thickness roman-type
concrete tile, is manufactured. TEVI technology was
developed by the Center for Tropical Construction and
Architecture Studies (CECAT) of the Technological
University of Havana ‘José Antonio Echeverria”
(CUJAE). Practical experience in tiles production and
transference of the mentioned technology, allowed us
to suspect that it was possible to improve the working
regime of the vibrating table. The objective of this
research was to determine how some vibration
parameters influence the quality of the micro-concrete
tiles manufactured with TEVI machines. An
experiment was made, varying the set of values of
operating frequency, vibration time and static mass
moment of the centrifugal vibrator, keeping the energy
necessary to manufacture a tile approximately
constant. In an experimental production, variables
associated with tiles quality and manufacturing
process were measured and evaluated, such as the
maximum diameter of the pores, permeability, and
flexural resistance. The results lead us to the
conclusion that it is possible, as the frequency
increases from 3000 rom (314 rad/s) to 12000 rom
(1257 rad/s), to duplicate tiles breaking load, to reduce
the maximum pore size by 72 %, to diminish the tiles
permeability by 57 % and to reduce by 55 % the
vibration time, without increasing energy consumption.

La tecnologia de fabricacion de cubiertas llamada
‘teja vibrada” (TEVI), posee como componente
esencial una pequefia mesa vibratoria sobre la cual
se fabrican tejas de hormigén tipo romana, de
aproximadamente 3 kg de masa y 10 mm de espesor.
La tecnologia TEVI constituye una mejora realizada
por el Centro de Estudios de Construcciones y
Arquitectura Tropical (CECAT) de la Universidad
Tecnoldgica de La Habana José Antonio Echeverria
(CUJAE) a una tecnologia original de la marca Parry.
La experiencia practica en la produccion, el empleo y
la transferencia de la tecnologia TEVI, permitieron
sospechar que es posible mejorar el régimen de
frabajo de la mesa vibratoria, lo cual condujo a
realizar la presente investigacion, que persigue como
objetivo determinar como influyen algunos parametros
de la vibracion sobre importantes indices de calidad
de la fabricacion de tejas de microconcreto mediante
maquinas TEVI. Se realizbé un experimento basado en
variar el juego de valores de frecuencia de operacion,
tiempo de vibrado y momento estatico de masas del
vibro-excitador centrifugo, manteniendo
aproximadamente constante la energia necesaria
para fabricar una fteja. En una produccion
experimental se midieron y evaluaron variables
asociadas a la calidad de la teja, tales como el
diametro maximo de los poros, la permeabilidad y la
resistencia a la flexion. Los resultados permitieron
llegar a la conclusién de que, elevando la frecuencia
de vibracion de 3000 rpm (314 rad/s) a 12000 rpm
(1257 rad/s), es posible duplicar la carga de rotura por
flexién de las tejas, reducir en un 72 % el diametro
maximo de los poros, disminuir la permeabilidad de
las tejas en un 57 % y reducir en un 55 % el tiempo de
vibrado, todo sin incrementar el consumo de energia..

Keywords: micro-concrete tiles, angular
frequency of vibration, static moment of masses,
permeability, flexural strength, porosity

Palabras Clave: tejas de microconcreto,
vibracién del concreto, potencia de vibracion,
mesa vibratoria, permeabilidad, resistencia a la
flexion, porosidad.
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1. INTRODUCTION

Micro-Concrete Roofing (MCR) has been used for decades in developing countries to manufacture waterproof roofs
in a sustainable manner [1, 2, 3]. The firm J.P.M. Parry & Associates developed a small vibrating table which,
together with a set of plastic molds and other materials, allowed one person to produce more than 200 micro-
concrete Roman tiles per day, with workers known to be able to produce up to 350 per day. In the 1990s, Acevedo
Cata, Llanes Burdn and other investigators of the Center for the Study of Tropical Construction and Architecture
(CECAT) of the Technological University of Havana “José Antonio Echeverria” (CUJAE), in collaboration with Kurt
Rhyner, member of Sofonias Group, developed a new machine accompanying a system for the production and strict
quality control of the tiles, called Vibrated Tiles (TEVI) (Figure 1). The non-profit organization Ecosur (ecosur.org)
maintains a global network that has been responsible of its successful dissemination in many countries of Asia,
Africa and Latin America, highlighting its use in situations of natural disasters, as in the case of the earthquake in
Haiti in 2010.

The TEVI vibratory table (figure 1) vibrates at a frequency of 3000 to 3600 rpm (314...377 rad/s), range commonly
used for concrete mixes. This frequency range guarantees good compaction while allowing the motors and
mechanical components to withstand continuous work and seeks to prevent defects such as bleeding and
segregation which appear at higher frequencies [3]. An example of this can be seen in [4], where the frequency
chosen for a vibrating table was close to 3000 rpm (314 rad/s). In [7], on the other hand, emphasis is placed on the
vibrating time to strengthen the concrete, maintaining a relatively low frequency of 2400 rpm (251 rad/s). However,
high frequencies have long been recommended [4], mainly for fine aggregates, and more recently high frequency
vibration has been experimented during the concrete mixing process [9]. New design proposals of the TEVI
machines have been made, for example, in reference [10], but innovation is focused on the process automation, not
on the improvement of vibration parameters.

Because of the importance of modelling concrete molding process several models have been proposed to represent
fresh concrete under vibration [11, 13, 14, 15, 16, 17]. From the studied literature we can conclude that, for fairly dry
mixes, small thicknesses and also small concrete masses, it is possible to consider that the mortar and the vibrating
table vibrate as a single body, detecting very little viscous damping in the oscillating system, especially once the mix
begins to consolidate, when the larger air bubbles are expelled to the surface [11]. Taking in account the good
practices on the use of concrete vibration [9, 13, 18], and since the TEVI vibrating table molds light (up to 3 kg
mass) and thin (8 to 10 mm thick) elements, using small aggregates (up to 6 mm diameter), is justified the choice of
the mentioned classical vibration model for this study. Subsequently, the aim of this work is to determine the
influence of frequency on quality indexes of TEVI tiles and its manufacturing process, keeping constant the energy
required for production.

Fig. 1-TEVI technology. a) TEVI roof tile production machine. b) TEVI tile roofing.

2. MATERIALS AND METHODS

An experiment was planned to vary the angular frequency in four levels, in a range of 314 - 1256 rad/s, keeping
approximately constant the energy required (612 J) for compaction and molding the concrete mixture when
manufacturing a roof tile on the experimental machine. The output variables were: the maximum pore size, the
permeability, the thickness of the element and its resistance to bending.

The experimental vibrating table (Fig. 2), has a 250 W motor with adjustable speed from 1500 to 9000 rpm (157 -
942 rad/s). A brake coupled to the motor is automatically activated when electricity is interrupted. A belt drive
transmits power to the unbalanced rotor multiplying speed 1,5 times. The static momentum of the unbalanced mass
was changed through four interchangeable discs with eccentric coupling holes, each of which guarantee a different
value of that variable. The function of the brake was to minimize the stopping time of the centrifugal exciter to an
insignificant value. To ensure the post-resonant working regime, elastic supports were installed, with a longitudinal
stiffness of 80 N/mm and a transverse stiffness of 180 N/mm. The machine frame was connected by means of
expansion bolts to a 250 kg concrete plateau.
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Fig. 2- Experimental machine to produce TEVI tiles.

In this research a classical mathematical model of mechanical vibration applied to concrete compaction [11] is
adopted, whose equations and variables are summarized in Table 1 and Table 2. The goal is to calculate, for
each frequency, variables as vibrating time, eccentric disk parameters and total required power, aiming to a fixed
total energy consumption and keeping invariable the vibrating set. This is an undetermined problem, for which the
optimization algorithm exposed in figure 3 has been used. The total vibration energy is taken as the target
variable, trying to approximate its value to a reference value (612 J), i.e., the same total energy consumed by the
TEVI experimental vibrating table working with the original eccentric disk rotating at 3000 rpm (314 rad/s). The
changing variables in the problem are: vibration time, disk diameter, disk thickness, and disk eccentricity. Table 3
shows computed dimensions of the four eccentric disks with the static moments of mass they produce, as well as
the four combinations of the experiment. Supposing that the oscillations are circular and occur under a post-
resonant vibration regime, the vibration power can be approximately determined by equation 6, which assumes
that the mixture, the platform, the frame, the vibro-exciter housing and the non-eccentric rotating parts vibrate as
a whole.

Table 1- Equations of the mathematical model used to optimize the eccentric disk parameters at each angular
frequency.

Equation Equation
Ms 0=r_0x+xm_0 Pvib=1/2+*F 0xx 0*w

Ms=x0*m mO0=mn/4*D"2xB=x*p

Ms_0 = Ms Mf R=fR*xF_0x*(dm_R)/2

r0=e0 P = (P_vib+ Mf R*w)/(n_T *n_m)

FO=mO0*xw"2*r_0 E = P * tvib
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Table 2: Variables of the mathematical model used to optimize the eccentric disk parameters at each
angular frequency. The values shown correspond to the variables assumed to be constant.

Variable Value Unit Comment
) - rad/s Angular frequency of vibration

r_0 Eccentricity of the unbalanced mass

Eccentricity of the disk

Outside diameter of eccentric disc

Eccentric disc width

Vibration time

Total mass of the vibrating assembly

Density of eccentric disk material

Mean balls bearing diameter

Coefficient of rolling friction of the bearing

Transmission efficiency

Electric motor efficiency electric motor

Amplitude of the displacement of the vibrating assembly

Centrifugal force on the rotor

Unbalanced mass

Static moment of rotating mass

Static moment of mass of the vibrating assembly

Power required for vibration (without considering friction)

Frictional torque in rolling bearings

P Total power required for vibration

E Total energy consumed for vibration

Table 3: Values of angular frequency, static momentum (with the dimensions of the eccentric disk) and
vibration time for the four runs of the experiment.

Angular Eccentricity Eccentric disk Outside diameter  Static moment Vibrating time
frequency e_0 [m] width B [m] of eccentric disc  M_so [kgm] t_vib [s]
w [rad/s] D [m]

314 0.0090 0.0280 0.0390 0.002363 40
628 0.0025 0.0254 0.0380 0.000565 35
942 0.0020 0.0160 0.0348 0.000238 28
1256 0.0020 0.0160 0.0287 0.000162 18
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Fig. 3- Algorithm for the optimization of the eccentric disc parameters and the vibrating time, under the condition of
approaching the reference value Eref of energy consumption. Green rectangles represent equations, yellow
rectangles represent unknown variables, and arrows indicate direction in which calculations are made.

Seven tiles were manufactured for each combination shown in Table 3, controlling vibration time by a manual
chronometer and rotation speed by a stroboscopic tachometer. Portland P-350 cement manufactured in Siguaney
factory was used. The employed sand (from the Arimao quarry) was conveniently dried, having the following
particle size: 42 % of particles between 2 and 5.5 mm, 37 % between 0.5 and 2 mm and 21 % smaller than 0.5 %;
with 2.4 % of clay and silt. A volumetric dosage of 1:2.5 of cement/sand ratio, and 0.60 water/cement ratio were
used. Mixtures of consistency between 12 to 14 cm diameter were obtained, according to the shaking table test
indicated in Cuban Norm NC 170/2002, which satisfies the requirements of the TEVI technology. Output variables
of the experiment (all measured at 28 days) were the following: breaking load, maximum pore diameter,
permeability and final tile thickness. Breaking load was measured using a CCF-02 device, described in [2, 19], by
progressively applying a vertical force in the center of a tile supported on edges distanced 350 mm and recording
force value at the moment of fracture. Permeability was calculated as percentage difference between mass of the
dry and the 24 hours water-immersed tile, according to NC 697/2013. Although there are currently very
sophisticated methods to study porosity [17], it was considered adequate for this research to evaluate the
maximum diameter of the pores, measured in 10 areas of the cross section of the split and polished tile, using a
scale microscope (magnification of 24 + 5 %, field of view of 8.5 mm, maximum measurement diameter 6.5 mm
and measurement error of + 0.01 mm). The final thickness was calculated by averaging measured thickness at ten
points of a fractured section approximately in the center of the tile.

Since the importance of the displacement amplitude x_0 on determination of consumed energy during vibration, it
was necessary to compare the amplitude values calculated by the mathematical model shown in Tables 1 and 2
with reference measured values. The velocity amplitude v_0m in the vertical direction was measured, averaging
the values taken at the four corners of the bottom surface of the mold, by means of a portable vibrometer (with
range from 40 Hz to 20 kHz), determining the reference vertical displacement under the assumption that the
oscillations are harmonic, through the expression x_0m = (v_0m)/w.

3.RESULTS

Calculated and measured values of vertical displacement amplitude are shown in figure 4. The obvious similarity of
the values (relative error less than 10%) allows us to consider that the theoretical model used to optimize vibrating
time and parameters of the eccentric disks is acceptable for the present case study, strengthening the initially made
assumption that it is possible to keep compaction energy approximately constant despite frequency changes.

® X_o [mm] (Computed

1,150E-01

amplitude)

J 1,237E-01

X_om [mm] (Measured
amplitude)

| 2,960E-02
3,300E-02

1,251E-02

1,370E-02
8,508E-03
9,100E-03

-
]

0,00
314 628 942 1257

Fig. 4- Computed and measured vibration amplitudes, depending on frequency.
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Table 5 shows the results of all the measurements performed on the tiles and the graphs in figure 5 show the
relationship between the frequency and the response variables. No defects such as segregation or water
displacement, typical of over-vibration, were observed when examining the tiles.

Table 5- Direct measurement results as a function of angular frequency.

s [mm]
Final tile thickness

Dmaxm]

Maximum pore size perm [%] Tile permeability

Qr [N] Flexural ultimate load

w [rad/s] (Angular‘

frequency)
Measure
Standard
Deviation
Measure
Standard
Deviation
Measure
Standard
Deviation
Measure
Standard
Deviation

[3;]
—_
o

[$)]
—_
(=]

[8)]
o
o

perm [%] (Tile s [mm)] (Tile thickness average)

permeability average)
10,0

& grl 9.0
12% 9,0 _ 8.7
. 8,0 7,4
v 9%
7.0
" 6,0
cq 5,0
o " 4,0
4 3,0
2,0
. 1,0
0,0
314 628 1257 314 942 1257

628

Dmax [mm] (Maximal pore

Qflex [N] (Breaking load diameter average)

average)

=+

= o
= 1
==

1=

~

w

114

628 942

Fig. 5- Direct results of the measurements as a function of the angular frequency
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From the above graphs it can be observed that, as the frequency increases, the maximum pore diameter and
permeability decrease, and the flexural breaking load increases despite the decrease in tiles thickness, which is an
indication of an improvement in the compaction of the mixture. The breaking load is doubled as the frequency
increases to 12000 rpm (1257 rad/s). The maximum pore size is reduced by 72 % and, in addition, the tiles are 57
% less permeable compared to those vibrated at 3000 rpm (314 rad/s). These results were statistically processed,
and it was obtained that the frequency has a significant influence on the four response variables studied, with a
confidence level of 95 %.

P [W] (Total power)

314 628 942 1257

Fig. 6- Total power consumed as a function of angular frequency.

The graph in figure 6 shows the correspondence between the frequency and the power consumed by the machine.
Total power consumed by the motor increases as the vibrating frequency increases; however, since energy remains
constant and power values remain very low, it is perfectly possible to use renewable energy sources to produce
roofing tiles.

4. CONCLUSIONS

The results confirmed the validity of the initially made assumption that it was
possible to keep compaction energy approximately constant despite changing
frequency. The variation of frequency significantly influences the compactness and
flexural strength of the tiles, even when the compaction energy is kept
approximately constant. The best properties of the tiles were obtained for the
maximum studied frequency of 1257 rad/s, which duplicated the flexural strength
and reduced 57 % permeability with respect to tiles formed with the reference
frequency value of 314 rad/s. Moreover, no segregation or bleeding problems were
detected, even at the highest tested frequency values. Reductions of the tile
vibrating time by 55 % were obtained, which consequently increases the
productivity of the technology. Despite the total power is increased at highest
frequency, is kept the possibility of use of small renewable energy sources to
operate the TEVI machine
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