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Abstract: Packing density of aggregate influences greatly the properties of concrete.
Maximization of packing density increases the flowing ability and segregation resistance of the
fresh concrete and the compressive strength of the hardened concrete. The determination of
maximum density is difficult experimentally; therefore several models have been developed for
that purpose. However, these models do not take the size of the formwork into account. In this
study, 20 different formwork shapes were examined with defined aggregate fractions. Results
show that increasing the formwork size increases the packing density of aggregate, and the
growth depends on the formwork size and compaction method.
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1. Introduction

Achieving the maximum density of the aggregate is one of the most important
objectives of concrete design. The higher packing density of aggregate improves the
performance of both of the fresh and hardened concrete by reducing the free water
content and maximizing the solids [1]. The aggregate mixture with the highest packing
density also gives the best workability of fresh concrete for a given volume fraction and
water-to-cement ratio. Furthermore, the dense aggregate mixture requires lower amount
of cement paste to fill the voids between the particles, therefore higher compressive
strength can be reached.
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The determination of the packing density of granular materials is a well-researched
topic in different engineering fields [2]. It originates in the classic sphere packing
problem, which refers to a packing by solid balls of the same radius in order to reach the
maximum density. Here the term density is the ratio of the volume of the balls to the
volume of the region of space filled by these balls. After Thomas Hales [3], who proved
Kepler’s conjecture, it is known, that the maximum density of identical solid balls can
be reached with face-centered cubic packing (Fig. 1).
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Fig. 1. Face-centered cubic packing with packing density of 0.74, on the basis of [3]

In the case of the aggregate mixture the problem is more complicated; the packing
density depends on the relative density of the particles, the particle size distribution, the
particle shape, the water content of the mixture and the shape and size of the formwork
as well. In this paper the authors demonstrate in what extent the size and shape of the
formwork affects the packing density of different aggregate mixtures. This paper is
related to a previous article published in 2018 [4], in which the authors gave an
overview on the existing models for predicting the packing density and proposed
hypothesizes for the present research.

2. Packing density of granular materials

Several methods were developed for design a dense aggregate mixture; many
researchers proposed ‘ideal’ grading curves, which are supposed to produce the
maximum packing density with proportioning the aggregate fractions properly.
Although the ideal grading curves can be applied in the practice efficiently, there are
many different ideal particle size distributions proposed by different authors [5]. These
optimization curves are continuous particle size distributions based on geometrical
considerations, and some model assumes that the change of the size scale does not
affect the packing properties of the mixture. Furthermore, the particle characteristics
like particle shape or packing density of the different size groups are not taken into
account in these models [6]. A different approach deals with simplified aggregate
fractions consisting of equal spheres. These discrete models assume that every granular
class has a characteristic diameter and the packing density of a mixture with given
volume fractions can be predicted based on the properties of the fractions. Nowadays,
these analytical particle packing models can be applied in the practice for predicting the
packing density of an entire mixture or for mixture optimization. However, these
models consider only mixtures placed in a container having large dimensions, as
compared with the maximum size of the aggregate [7]. Since the dimensions and shape
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of the structural elements can be considerably different, it is necessary to examine their
effect on packing density of aggregate. The packing problem of solid spheres of the
same radius in simple shaped formworks - for example in cubes - is already solved;
increasing the side length of the cube the packing density converges to an upper limit
[8], it has been also proved by experiments with aggregates as well [9]. Furthermore,
there are some mathematical researches about how the geometry of the container
influences the packing density of non-equal spheres [10], in concrete technology the
practical application of these theories have not been introduced yet. It is still an
unanswered question, how the geometrical proportions of the formwork influence the

packing density of a given grain mixture.

3. Experimental program

The aim of this work is to examine the effect of the formwork’s shape on packing
density of aggregates. Four different graded aggregate fractions were used; one rounded
fine aggregate fraction with a size ranging from 0-4 mm (Agg. 1) and three rounded
coarse aggregate with a size ranging from 4-8 mm (Agg. 2), 8-16 mm (Agg. 3) and
16-32 mm (Agg. 4). The particle size distribution of the four fractions can be seen in

Fig. 2.
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Fig. 2. Particle size distribution of the aggregate fractions

The laboratory test was divided into three parts. First, the packing density of the
aggregate fractions were examined in different formworks, than the fractions were
divided into components with sieving method and the packing density of the
components was also examined. Finally, the limit curves ‘A’ and ‘C’ were mixed from
the components and measured. The packing density of the samples can be calculated

using the following equation:

Pollack Periodica 15, 2020, 3



128 K. AITAYNE KAROLYFI, D. HARRACH, F. PAPP
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where @ is the packing density; pp is the bulk density; ps is the specific gravity; Wis the
weight of the aggregate and V. is the volume of the container. The specific gravity of
the different aggregate samples is illustrated in Table 1.

Table I

Specific gravity of the aggregate samples

Examined Specific
material gravity [kg/m’]
Agg. 01 2642.28
Agg. 02 2628.30
Agg. 03 2625.83
Agg. 04 2616.54

0.063 2695.82
0.125 2673.26
0.25 2681,90
0.5 2600.01
1 2636.43

2 2614.93

4 2649.21

Three different formworks were used in order to examine the effect of the formwork
size on packing density of aggregate. In the first part of the experiment a unique
formwork was used with a height and width of 60 cm and a moveable wall, which
allows setting up a box with ten different thicknesses from 5 to 50 cm in steps of
5 cm (Fig. 3).

Fig. 3. First formwork used for the aggregate fractions

The second formwork was a group of six rectangular boxes with a constant height
and width of 30 cm and thicknesses from 5 to 30 cm (Fig. 4).

The third formwork was a group of four cylindrical containers with a constant
diameter of 7.1 cm and a variable height from 5.2 to 8.2 cm (Fig. 5).

Since the packing density also depends on the compaction method, the samples were
measured in both loose and dense condition. Different compaction methods were used
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in the case of the different formworks because of the scale. The summary of the
experiments is illustrated in Table I1.

Fig. 4. Second formwork group used for the aggregate fractions and limit curves

Fig. 5. Third formwork group used for the components

Table 11

Summary of the experiments

Examined . . Numb.e r of
. Formwork size [cm] Compaction method examined
material
formworks
Agg. 01 5x60x60 — 50x60x60 Internal Yibra}ion 16
’ 5x30x30 — 30x30x30 Table vibration
Agg. 02 5x60x60 — 50x60x60 Internal Yibra}ion 16
’ 5x30x30 — 30x30x30 Table vibration
Agg, 03 5x60x60 — 50x60x60 Internal Yibra'tion 16
’ 5x30x30 — 30x30x30 Table vibration
Agg. 04 5x60x60 — 50x60x60 Internal Yibrafcion 16
5x30x30 — 30x30x30 Table vibration
‘A’ limit curve 5x30x30 — 30x30x30 Table vibration 6
‘C’ limit curve 5x30x30 — 30x30x30 Table vibration 6
0.063 d=7.1h=5.2-8.2 Dropping 4
0.125 d=7.1h=5.2-8.2 Dropping 4
0.25 d=7.1h=5.2-8.2 Dropping 4
0.5 d=7.1 h=5.2-8.2 Dropping 4
1 d=7.1 h=5.2-8.2 Dropping 4
d=7.1 h=5.2-8.2 Dropping 4
4 d=7.1h=5.2-8.2 Dropping 4
Total: 104
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4. Results

The four aggregate fractions were tested in both loose and dense conditions using
the first and second formwork. The packing density values are plotted in diagrams as a
function of the width of the formwork and the volume/surface ratio in Fig. 6.
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Fig. 6. Packing density of the fractions

The components were measured in the cylindrical formwork using manual compaction
method. The packing density values can be seen as a function of the height of the
cylinder in Fig. 7 and Fig. & in loose and dense condition.

The mixtures of upper and lower limit curves were tested in the second formwork.
The packing density values are plotted on a diagram in Fig. 9.

There are significant correlations between the size and shape of the formwork and
the packing density of aggregates. In general, the packing density is increasing with
increasing width of the formwork in almost all cases. The growth is different in the case
of the three formworks. The average increase of the packing density is 2-3% in loose
condition and 2-4% in dense condition in case of the first formwork. The average
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increase is higher in case of the second formwork - 5-6% in loose and 6-7% in dense
condition - which can be the result of the more efficient compaction method. The
packing density is also increasing with decreasing particle size.
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Fig. 7. Packing density of the components in loose condition
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Fig. 8 Packing density of the components in dense condition

If the packing density is examined as a function of the volume/surface ratio of the
formwork, it tends to a very similar value in case of the coarse fractions. The packing
density of the fine fraction is higher in both loose and dense condition. Furthermore, the
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small volume/surface ratios can lead to widely differing results; the packing density
reaches its maximum value at a ratio between 5.5 and 6.0.
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Fig. 9. Packing density of the upper and lower limit curves

In case of the components the average growth of the packing density is 4% with
increasing height of the cylinder, which is in accordance with the experimental results
of Lecomte [11]. Furthermore, the average packing density is lower in case of smaller
particles, which is also consistent with the experimental data of De Larrard [7]. The
packing densities increase with the diameter of the particles. This could be due to the
fact that the compaction is more efficient in compacting coarse grains than fine ones,
because the total surface area and therefore the internal friction are lower. This
difference is even more significant under the particle size of 1 mm. [7], [12] Additional
differences between the packing densities of the different particle sizes in loose and
dense condition could be due to the differences in the shape of the particles.

The packing density of the lower and upper limit curves have a very similar trend; it
has a high initial value at the smallest width of the formwork (5 cm), and after a
significant decrease the packing density increases gradually. The average growth is
6-7%, which is higher than in the case of the fractions or the components, and the
mixture of the upper limit curve reaches higher values as well. These results are in
accordance with the literature data [7], [12]. The high initial packing density values can
be observed in the case of the fractions as well, the reason of it has to be searched by
additional tests.

5. Summary and future scope

This paper presents the effect of formwork size on packing density of aggregates.
Four graded aggregate fractions, the components and two limit curves were examined
using three different formworks in both loose and dense condition. It can be concluded
that the packing density is strongly influenced by the size and shape of the formwork.
The packing density is increasing with increasing volume/surface ratio of the formwork.
However, the growth is more significant in case of smaller ratios, after a ratio of 6.0, the
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packing density of the coarse fractions tends to an upper limit between 0.58 and 0.60 in
loose condition and to an upper limit of 0.69 in dense condition. The packing density of
the fine fractions converges to 0.65 in loose and 0.74 in dense condition above the same
ratio.

In case of cylindrical formwork the packing density grows at an even rate and tends
to an upper limit. It does not have any outstanding value at smaller heights of the
container in contrast with the rectangular formworks. The increase of the packing
density is smoother than in the case of the rectangular formwork, the reason of it can be
the local decrease in packing density near the corners of the formwork.

The packing density is highly influenced by the compaction method as well; the
values of the dense condition are well above the ones in loose condition. Furthermore,
the different compaction methods result in different growths of the packing density.

These results lead to the conclusion that in case of slender concrete elements the
achievable packing density can be considerably different than usual. The maximal
packing density determinates the amount of the cement paste needed for the saturated
condition, which means that the optimal concrete mixture greatly depends on the
dimensions of the formwork.

The authors would like to compare these experimental data with the results of the
above mentioned particle packing models. Discrete element method simulations can be
also useful to be able to define the maximal packing density according to the formwork
shape and size.
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