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A B S T R A C T

The durability and mechanical properties of hardened concrete are significantly affected by its 
porosity. Air voids can be trapped in fresh concrete during placement, particularly when insuf
ficient workability is combined with inadequate processing. The mechanisms by which air bub
bles rise in fresh concrete and interact with surrounding aggregates remain largely unknown.

This study investigates how the rheological and granulometrical characteristics of fresh con
crete affect de-airing behavior. Due to the opacity of concrete, X-ray techniques coupled to digital 
image analysis were used to study the bubble dynamics and the bubble-aggregate interactions. 
Concrete is idealised as a mix of glass beads as model aggregates (da ≤ 8 mm) suspended in a 
cement-water suspension, termed cement paste. The investigation focused on the relationship 
between the cement paste rheology, the aggregate properties and the speed, shape and trajectory 
of rising air bubbles. Further the effect of shear history and shear-induced particle migration on 
bubble rise was also investigated. The results show that the addition of aggregates to pure cement 
paste significantly alters the de-airing behavior and affects the bubble dynamics. As the bubble 
volume decreases, the bubble speed decreases. Increasing the aggregate content from 0 vol% to 
either 30 vol% or 60 vol% also results in a decrease in bubble speed. Small bubbles show minimal 
variation in rise trajectories across different aggregate volumes and gradings. In contrast, larger 
bubbles exhibit consistent paths with 30 vol% aggregates, but demonstrate dispersed trajectories 
at 60 vol%. Shear-induced particle migration depends on the bubble-to-aggregate size ratio. 
Finally, a dimensionless parameter is introduced that can be used to determine phase separation 
as a function of the ratio of bubble buoyancy to aggregate inertia. This research improves the 
understanding of concrete de-airing and is also applicable to other coarse granular suspensions in 
various industries.

1. Introduction

Fresh concrete undergoes several stages in the production cycle. Besides mixing, transport and placement and in particular the 
compaction process is crucial for ensuring durability and mechanical performance. Until now, the necessary intensity of concrete 
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compaction is solely derived from the fresh concrete consistency in a qualitative manner. However, the concrete composition and more 
complex rheological characteristics such as thixotropy are not taken into account, despite the fact that e.g. w/c ratio, paste content, or 
aggregate granulometry mainly control the flow behavior and therefore the de-airing of the fresh concrete [1–3]. In particular, 
aggregate size, distribution and shape determine the amount of paste required to achieve a given consistency. The paste demand is 
therefore correlated with the packing density, which is defined as the ratio of the volume of solids to the bulk volume.

The main parameter determining the packing density of the aggregates is the particle size distribution (PSD), i.e. having particles of 
different sizes in different proportions. The PSD should be chosen so that the voids between the coarse particles are perfectly filled with 
finer particles and so forth. With regard to concrete, substantial work on the maximum packing density by tuning the PSD was done as 
early as 1907 e.g. by FULLER and THOMPSON [4], ANDREASEN [5] and FUNK and DINGER [6]. Whereas these models allow to predict a PSD 
which yields a high packing density, the true packing density remains unkown and pronounced model idealizations significantly limit 
the prediction accuracy. Extended models such as those of DE LARRAD [7] and its extension of FENNIS [8] included information on particle 
shape etc., however, are labourintensive in their calibration. Experimental studies on the compaction of dry aggregates at constant 
compaction intensity have shown that, for example, round-shaped sand and gravel with smooth surfaces yield higher packing densities 
than flaky grains. Better packing was also achieved by increasing the compaction intensity. Frictional forces due to the aggregates’ 
angularity must also be considered in the mix design as they can influence the workability and compaction [9]. Both the maximum 
(intrinsic) packing density as well as the cement paste content in the concrete influence both the fresh as well as the hardened state 
concrete properties. In the fresh state, packing optimization can be used to enhance workability and segregation stability, whether in 
conventional vibrated concrete or in the design of high flowable concretes and self-compacting concretes [7,10]. Other benefits of 
optimised packaging can also be seen in the improved properties of the hardened concrete, as packing optimization goes hand in hand 
with a reduction in void ratio and paste content and therefore less creep and shrinkage, heat of hydration, cost and, most importantly, 
CO2 emission savings [9,11].

Despite its importance, the packing density has mainly been discussed in terms of workability and stability. Its effect on the 
concrete de-airing mechanisms remains more or less unkown. Macroscopically, an increased packing reduces the paste content and 
thus the space and ability of air bubbles to rise to the surface. The current literature treats concrete de-airing mainly as a problem of 
entrapped air bubbles in hardened concrete. However, the actual mechanisms of concrete de-airing and the unsolved dynamic rising 
process in fresh concrete remains unknown. First investigations on this subject have been presented by the authors by investigating the 
dynamic mechanisms of bubble rise in cement suspensions, as well as the influence of coarse aggregates in a monodisperse PSD on 
bubble rise, by means of optical investigations using X-ray analysis [3,12]. However, the influence of polydisperse PSD on bubble rise 
still remains an open scientific question.

The paper at hand presents a comprehensive study of bubble rise with different bubble volumes in different concrete compositions. 
It focuses on the influence of aggregates on the dynamics of air bubble rise in fresh concrete. The properties of real aggregates used in 
concrete production are very complex due to their varying mineral composition, size and size distribution, shape, surface texture and 
moisture content. These factors can significantly affect the workability and overall performance of the concrete mix. It is therefore 
common in the literature to use spherical model aggregates for reasons of simplicity, however, these model systems were used for 
investigating the pumping behavior of concrete and not the de-airing behavior [13–15]. The use of such model aggregates reduces the 
complexity of varying aggregate properties and allows the focus to be on defined boundary conditions such as the effect of aggregate 
content and aggregate grading. When transferring the results from this model to real aggregates, it must be taken into account that the 
shape, surface smoothness and composition may impact the flowability of fresh concrete, due to different packing and with that also 
the de-airing behavior. The bubble volume was varied in 3 steps and the concretes were made with 2 different aggregate volume 
fractions (30 vol% and 60 vol%) and 2 different aggregate gradings (coarse and fine PSD). A pure cement paste was also included in 
this study for reference. In addition to these granulometry effects on the bubble rise parameter (e.g. bubble speed, trajectory or de
formations), the effect of shear history and shear-induced particle migration on de-airing was also investigated.

2. Materials and methods

2.1. Raw materials and mix properties

The present research was part of the German Priority Program DFG SPP 2005 program ‘Opus Fluidum Futurum – Rheology of 
reactive, multiscale, multiphase construction materials’. The cement paste was prepared using Ordinary Portland Cement CEM I 42.5 
R, supplied by Heidelberg Materials AG (Ennigerloh plant, Germany); details see Ref. [16]. The relevant phyiscal properties i.e. density 
[17], specific surface area SSA by Blaine and BET method [18,19] and particle size distribution measured by laser diffraction method 
[20] are given in Table 1. The oxide compositon of the cement was measured by XRF [21] and is shown in Table 2.

In this study, spherical beads of polished soda glass (Hilgenberg GmbH, Malsfeld, Germany) of sizes 2.0 ± 0.2 mm, 4.0 ± 0.3 mm, 

Table 1 
Physical properties of the investigated cement.

Component Density [g/cm3] Specific surface area Granulometrical parameters

SSABlaine [cm2/g] SSABET [m2/g] d10 [μm] d50 [μm] d50 [μm]

CEM I 42.5 R 3.14 3499 1.04 1.92 14.10 41.49
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and 8.0 ± 0.4 mm respectively, were used as model aggregates. The density of the 2 mm and 4 mm model aggregates was 1.50 kg/dm3, 
the density of the 8 mm aggregates was 1.48 kg/dm3. The aggregates were used in two different polydisperse distributions, one with a 
higher content of coarse aggregates and one with a higher content of fine aggregates compared to a reference grading curve A/B8 
according to DIN 1045–2 [22] shown in Fig. 1. The coarse grading curve consists of 36 % by volume 2 mm, 25 % by volume 4 mm and 
39 % by volume 8 mm aggregates. The fine grading curve is made up of 57 vol% 2 mm, 17 vol% 4 mm and 26 vol% 8 mm aggregates.

Both the fine and coarse distributions were used in aggregate volume fractions of 30 vol% (ϕa = 0.30) and 60 vol% (ϕa = 0.60). The 
phase content of the cement paste was kept constant at 38 vol% (ϕp = 0.38), corresponding to a water/cement ratio of 0.52. This results 
in five different mixtures. The mix compositions are given in Table 3.

The mixing procedure of the model-concretes is detailed in Table 4.
After concrete preparation, a Hägerman spread flow test (according to DIN EN 1015–3 [23]) without shocks was carried out to 

measure the spread flow of the mixture. Further the temperature of the fresh mix was measured. The rheology of the cement paste was 
measured by a Haake Mars 60 Rheometer (ThermoFisher Scientific, Karlsruhe, Germany) with a building material cell and 
window-shaped paddle (geometry P-3 acc. To Ref. [24]). Further information on the procedure can be found in Ref. [25]. The surface 
tension of the fresh cement paste was determined using an Attension Theta Flow optical tensiometer (Biolin Scientific, Goeteborg, 
Sweden). A full description on the sample characterization procedure employed in this study can be found in Ref. [3].

2.2. Cement paste and concrete properties

The cement paste was measured to have a yield stress of 10.64 Pa, a plastic viscosity of 0.18 Pa s, a surface tension of 33.93 mN/m 
and a spread flow of 260 mm. By adding 30 vol% of aggregates, the spread flow remains almost constant both when coarse as well as 
fine aggregates are used. The effects of the aggregates become more visible when the aggregate content reaches 60 vol% as the spread 
flow is reduced to 210 mm for the coarse and to 207.5 mm for the fine graded aggregates. The temperature of the suspensions was 
between 20.2 ◦C and 22.5 ◦C.

2.3. Experimental de-airing setup

Since cement paste and fresh concrete are opaque granular suspensions, all the de-airing tests were carried out at the X-ray lab
oratory of the Institute for Photon Science and Synchrotron Radiation (IPS), Karlsruhe Institute of Technology, Germany. Using this 
setup the dynamics of rising air bubbles in such opaque systems were characterized. Technical information on the development of the 
de-airing setup can be found in Refs. [3,26].

The de-airing setup consists of a rectangular Plexiglas column measuring 650 x 75 × 75 mm3 (height x width x depth) with a wall 
thickness of 5 mm. The column is firmly glued to a stainless steel baseplate which is mounted to a vertically movable stage in the X-ray 
laboratory. The stage allows the sample to be ideally positioned between the X-ray source and the detector. For bubble injection, a 5 
mm diameter tube is inserted at the bottom of the column. The tube is connected to an electronically controlled valve with time control 
adjustable time steps of 5 ms. The tube is connected to a pressure regulator set to a constant air pressure of 1.00 bar. This setup allows 
for a flow rate controlled injection of different bubble sizes, but not volume-controlled injection, resulting in very small variations in 
bubble volume even for the same injection duration, as the air bubble volume forming in the fresh paste or concrete is not only a 
function of the valve opening duration but also of the paste or concrete rheology (see Fig. 3 (right)).

The X-ray worked with 220 kV and 280 W target power. The frame rate of the image acquisition was set to 30 fps, which allows a 
frame-based two-dimensional quantification of the bubbles geometry and the position within the sample column as a function of time. 
To determine these parameters, we developed an evaluation algorithm based on semantic image segmentation. The algorithm 
automatically separates the bubble from the surrounding fresh concrete based on a threshold value and finally computes all required 
bubble characteristics framewise. The resolution per pixel was 0.28 mm. This study focused on bubble volume, bubble speed, bubble 
centroid in the x and y direction (compare Fig. 2 (right)), trajectory and bubble deformation due to interactions with the aggregates.

3. Experimental results and discussion

3.1. General observations

As described in sec 2.2 the geometrical shape, position and rise speed of the bubbles were derived from digital image analysis of the 
X-ray data. The employed image evaluation algorithm calculates the bubble volume by assuming rotational symmetry. As the bubble 
shape changes due to interactions with the aggregates, Fig. 3 (left) shows these changes in bubble volume during the vertical bubble 
rise for the two most critical mixture compositions with 60 vol% of aggregates. It can be seen that the bubble volume increases at the 

Table 2 
Oxide composition of the investigated cement [21].

Component CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O TiO2 P2O Mn2O3 SO3 LOI Cl− Sum

[wt%]

CEM I 42.5 R 61.79 21.14 5.53 2.27 1.39 0.77 0.77 0.21 0.14 0.03 2.84 2.48 0.03 98.94
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bottom as this describes the injection process and the formation of the bubble. The volume decreases at the top as the bubble leaves the 
field of view of the X-ray detector. In order to avoid such artefacts a region of interest (ROI) was therefore introduced and used to 
further calculate all the bubble parameters studied in this paper (see Fig. 3 (left), gray region). Looking more closely at the bubble 
volume in this ROI, significant changes in volume can be seen, but the volume scatters around the mean value. The bubble deforms in 
all directions, i.e. if the measured bubble volume decreases in the x and y planes, the bubble will also deform in the z direction. For 
further evaluation, we therefore use the average bubble volume in the ROI.

Another observation, already described in Refs. [3,12], is that the test set-up only allows for flow rate controlled air injection and 
not volume controlled injection. Fig. 3 (right) shows the resulting mean bubble volume as a function of air injection duration. The data 
points are related using linear regression. It can be seen that for the mixtures investigated, the same injection duration results in slight 
variations of bubble volume, however, the mean bubble volume increases almost linear with increasing air injection duration for all 
mixtures.

Fig. 4 (a)–(c) show the vertical ascent distance of the bubble centroid as a function of ascent duration for different air injection 
durations of 70 ms, 110 ms and 150 ms, respectively. The slope of these curves determined by linear regression in the ROI is in the 

Fig. 1. Cummulative grading curves of the investigated model-aggregates and a reference grading curve A/B8 acc. DIN 1045–2 [22].

Table 3 
Mix composition of the investigated concretes; mix volume 3 dm3.

Mix ID 
ϕp_ ϕa_da

Cement 
[g]

Water 
[g]

Aggregate volume fraction ϕa 

[− ]
Aggregates da = 2 mm 
[g]

Aggregates da = 4 mm 
[g]

Aggregates da = 8 mm 
[g]

0.38_0_0 3580 1860 0 0 0 0
0.38_0.3_coarse 2506 1302 0.3 486 338 519
0.38_0.6_coarse 1432 744 0.6 972 675 1039
0.38_0.3_fine 2506 1302 0.3 770 230 346
0.38_0.6_fine 1432 744 0.6 1539 459 693

Table 4 
Concrete mixing procedure.

Time [min] Step description Duration [sec]

0–0:30 Pouring and mixing of components by hand 30
0:30–1:30 Mixing at lower speed 90
1:30–3:00 Manual return of caking material 90
3:00–4:30 Mixing at higher speed 90
4:30–5:00 Manual return of caking material 30
5:00–6:00 Mixing at higher speed 60
6:00–12:30 Rest 390
12:30–13:00 Re-mixing at lower speed 30
13:00–14:00 Manual addition and mixing of model-aggregates 60
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following designated as mean bubble speed vmean. For the pure paste, the suspension acts as an effective fluid and the bubble rises with 
almost constant speed. When aggregates are added at volume fractions of 30 vol% and 60 vol%, the velocity of the bubbles not only 
decreases but also begins to flucturate, indicating that the bubble accelerates, stops and re-accelerates as it begins to interact with the 
aggregates. This effect becomes more dominant with increasing bubble volume V. For further processing, we calculated the bubble 
velocity vmean as mean values for all bubble volumes V and mixtures studied. The results are shown in Fig. 4 (d). The data shows an 
almost linear increase in bubble velocity with increasing bubble volume due to buoyancy. The linear relationship can now be used to 
determine the bubble speed for air bubbles of equivalent volumes V1, V2 and V3. Herefore we have introduced three reference bubble 
volumes V1 = 1 ml, V2 = 2 ml and V3 = 3 ml and calculated the corresponding bubble speeds by the factor ĸ. This correction factor 
makes it possible to compare the effect of flowabiltiy due to mixture composition for bubbles of the same size. From Fig. 4 (d) it can 
already be deduced that the addition of aggregates to the cement paste reduces the bubble speed depending on the aggregate content 
and aggregate grading.

3.2. Bubble rise speed

Fig. 5 (a) shows the steady state bubble speed as a function of aggregate volume fraction and bubble volume considering size 
corrected reference bubbles with volumes V1 to V3 (see sec 3.1). A decrease in bubble speed is observed for all reference bubble 

Fig. 2. Test setup in the X-ray lab at IPS KIT (left) and X-ray images of an air bubble before semantic segmentation (middle); with a bounding box 
after semantic segmentation (right).

Fig. 3. Changes in bubble volume V during vertical rise calculated from the bubbles 2D contour by assumming rotational symmetry (left) and mean 
bubble volume Vmean as a function of the air injection duration tinj. (right).
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volumes, by addition of aggregates, which is consistent with the decreased flowability (cf. Table 5). For bubbles of volume V1 = 1 ml, 
the reduction in bubble speed is almost linear for both 30 vol% and 60 vol% aggregates. However, there is a significant reduction from 
157.3 mm/s for the pure paste to almost 100 mm/s for 30 vol% and almost 70 mm/s for 60 vol% aggregates, irrespective of whether 
fine or coarse-graded aggregates are used. By increasing the bubble volume to V2 = 2 ml and thus the overall bubble speed, the effect of 
aggregate content and grading becomes more apparent. In this case, the reduction in bubble speed is more pronounced for the coarse 
particle size fractions. The bubble speed decreases from 181.6 mm/s for the pure paste to 152.0 mm/s for the fine and 137.5 mm/s for 
the coarse grading for 30 vol% aggregates. For 60 vol% aggregates, however, the bubble speed decreases to 103.5 mm/s for the fine 
and 88.92 mm/s for the coarse aggregates. The trend continues for the V3 = 3 ml bubble volume and shows the most pronounced 
effects of grading, but the effect of 30 vol% aggregates is almost negligible for the fine-graded concrete as the bubble velocity only 
decreases from 205.9 mm/s to 198.1 mm/s. Presumably, the bubble is large enough and has sufficient buoyancy to push the smaller 
particles away without being decelerated or stopped. By using coarser aggregates, the bubble is slowed down more, resulting in a 
greater reduction in the mean bubble speed. The same phenomenon occurs with 60 vol% aggregate, but here the bubble also slows 
down with the finer aggregate, and the effect is much stronger with the coarser aggregates.

The effect of particle migration (i.e. particles pushed out of the way) during air bubble rise in cement paste was already been 
investigated by the authors in Refs. [3,12], where we pointed out that rising air bubbles create shear channels with less concentrated 
regions in the centre and increased particle packing at the channel walls. Therefore, another point of interest of this paper at hand was, 
if the same effect will occur when coarser aggregates are introduced. After the first bubble was injected into the sample, three sub
sequent bubbles were injected in a row with a 60 s s rest period between each bubble. Fig. 5(b)–(d) shows the steady state bubble speed 

Fig. 4. Vertical bubble motion as a function of the ascent duration t for injection time tinj. = 70 ms (a), tinj. = 110 ms (b), tinj. = 150 ms (c) and mean 
steady state bubble speed vmean in the ROI as a function of the mean bubble volume Vmean (d); linear regressions functions shown in (d) used to 
compute the bubble speed of corresponding reference bubble volumes V1 to V3.
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of these 4 bubbles as a function of the sequence of bubbles for the bubble volumes of 1 ml, 2 ml and 3 ml.
Starting from the smallest bubble volume of 1 ml, it can be seen that the influence of fine or coarse grading becomes visible in the 

subsequent bubbles (cf. Fig. 5 (b)), which was not the case for the first bubbles in Fig. 5 (a). For the coarse-graded concretes, both the 
30 vol% and 60 vol% concretes show an increased bubble speed for the second bubble compared to the first bubble, but the speed 
remains almost constant for the third and fourth bubbles. Compared to the fine-graded concrete, this concrete shows an increase in 
bubble speed with each subsequent bubble. It should be noted that the fourth bubble has to be considered as an outlier. The reason was 
found in unexplained changes in the image acquisition frame rate due to complications in the X-ray laboratory. These not assignable 
changes in frame rate result in increased bubble speeds, and have to be considered as artefacts.

By increasing the bubble volume to 2 ml and 3 ml (cf. Fig. 5(c)–(d)), it was found that the effect of the subsequent bubbles in the 60 
vol% concretes become minor for both aggregate contents, i.e. the bubble velocity increases very little for 2 ml and remains almost 
constant for 3 ml bubble volume.

A rising bubble is capable of displacing aggregates and creating rise channels. However, fine aggregates are more readily displaced 

Fig. 5. Bubble size corrected steady state bubble speed v as a function of the aggregate volume fraction ϕa (a), as a function of the sequence of 
bubbles for bubble volumes of V1 = 1 ml (b), V2 = 2 ml (c) and V3 = 3 ml (d).

Table 5 
Spread flow and fresh concrete temperature of the investigated concretes.

ϕp_ϕa_grading 0.38_0_0 0.38_0.3_coarse 0.38_0.6_coarse 0.38_0.3_fine 0.38_0.6_fine

Spread flow [mm] 260 257.5 210 260 207.5
Temperature [◦C] 22.2 20.2 20.4 22.1 22.5
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than coarse aggregates, resulting in a greater increase in bubble velocity for subsequent bubbles. As the volume of the bubble increases, 
it would be expected that larger bubbles would more easily create rising channels and result in an increased bubble velocity. However, 
this was not observed. As the influence of aggregate content, rather than its 30 vol% or 60 vol%, becomes more significant in the ascent 
of larger subsequent bubbles, it can be proposed that larger bubbles may encounter greater difficulty in identifying and following the 
predefined path, potentially resulting in trajectory variations. These results will be further discussed in the subsequent section 3.4.

3.3. Trajectory

In addition to the bubble speed, we also measured the uprising path of the air bubbles. Fig. 6 shows the results of the trajectories 
along the y- and x-axis for all bubble sizes and mixture compositions investigated.

At the lower aggregate content of 30 vol%, all bubbles, small to large in volume, are able to rise almost vertically, with subsequent 
bubbles following the path of the previous one. By increasing the aggregate content to 60 vol%, the bubble starts to interact with the 
surrounding aggregates, and the interaction depends on the ratio of bubble size to aggregate size.

For all small bubbles (i.e. tinj. = 70 ms), regardless of the solid volume fraction or aggregate grading, all subsequent bubbles follow 
the paths created by the first bubbles (i.e. the solid line). If we compare these findings with the data in Fig. 5 (b), we see that the 
corresponding bubble speed increases for each subsequent bubble.

For larger bubble volumes tinj. = 110 ms and tinj. = 150 ms, we found the same phenomena for the 30 vol% concretes measured for 

Fig. 6. Trajectory of the 4 injected air bubbles for all injection duration (tinj. = 70 ms, 110 ms and 150 ms) and all mixture compositions. Note that 
the scale is not the same in x and y, exagerating the bubble trajectory deviation with respect to the vertical.
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Fig. 7. Changes in bubble aspect ratio χ during vertical rise for the injection durations of tinj. = 70 ms (top), tinj. = 110 ms (middle) and tinj. = 150 
ms (bottom) with ϕa = 0.30 (left) and ϕa = 0.60 (right).
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small bubbles, as all of the trajectories of the subsequent bubbles are almost the same and follow the first bubble. Furthermore, the 
trajectories are less far from vertical, which means that the larger bubble volumes are less affected by the small amount of aggregates 
compared to the shifted and wavy trajectories of the smaller bubbles. Aggregate grading shows no effect on trajectory in all mixes with 
only 30 vol% aggregates. Except for the test of the medium size bubble tinj. = 110 ms in 60 vol% coarse aggregate, where only the first 
bubble has a different trajectory and the three subsequent bubbles have the same. All other mixtures having 60 vol% aggregate show a 
different behavior after the increase of aggregate volume fraction from 30 vol% to 60 vol%. We found different trajectories for every 
bubble, meaning each bubble creates its own new rising path and does not follow previously created rising channels.

By increasing the aggregate volume fraction to 60 vol% the aggregates suspension is so dense that it is dominated by interactions 
between particles and friction, and acts as a network of fixed obstacles. Due to their low buoyancy, the small bubbles can hardly move 
these obstacles, which may block the rise path for subsequent bubbles. The aggregates are very densely packed with such a packing 
density of 0.60 and are very close to the maximum packing density of approximately 0.64 for a random packing of monodispersed 
spherical beads [27].

For the individual case of the largest bubble and 60 vol% fine aggregates, we also found different trajectories, but the difference 
between them is less pronounced. This may be because the smaller aggregates have less inertia and are more easily moved out of the 
way of such large bubbles than the coarser aggregates, which have a larger inertia. Another hypothesis could be that channel walls 
made of smaller aggregates are less stable and can be broken more easily by a bubble than channels made of coarser aggregates.

3.4. Bubble aspect ratio

Fig. 7 shows the changes in bubble aspect ratio χ (i.e. bubble y elongation divided by bubble x elongation) for 30 vol% (left) and 60 

Fig. 8. Mean aspect ratio χmean as a function of the aggregate volume fraction ϕa for all concretes investigated (a) and as a function of the sequence 
of bubbles for the bubble volume V1 = 1 ml (b); V2 = 2 ml (c); V3 = 3 ml (d).
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vol% aggregate content (right) during vertical motion. The data points χ are computed framewise at a framerate of 30 fps.
Starting with pure cement paste, χ remains almost constant during the entire rise process. This behavior occurs for all bubble sizes, 

with χ increasing as the bubble size increases. By adding 30 vol% aggregates, χ only increases very little (i.e. the bubble becomes longer 
and narrower) but more importantly, χ starts to scatter along the rise pathway due to bubble-aggregate interactions. The effect of 
aggregate grading, whether coarse or fine, as well as varying bubble sizes, is not clear. Through the increase in the amount of ag
gregates from 30 vol% to 60 vol%, the general values of χ, and the scattering of the values increase very strong. Any change in a data 
point can be interpreted as a deformation of the bubble shape due to its interaction with the surrounding aggregates. Between the small 
bubble size with tinj. = 70 ms and medium with tinj. = 110 ms the differences in χ are apparently negligible. However, for the largest 
bubble size with tinj. = 150 ms, the framewise changes in aspect ratio, and hence the bubble-aggregate interactions are evident in a 
pronounced scatter. Moreover, the effect of aggregate grading also plays a role for larger bubbles, as the coarse-graded concretes yield 
more pronounced bubble deformation than the fine-grained concretes.

For a more general comparison of the results, the mean values of the aspect ratio χmean over the region of interest are plotted as a 
function of the aggregate volume fraction ϕa in Fig. 8 (a). The first point of interest is that all values of χmean are larger than one, 
meaning the bubbles are more elliptical and elongated in the vertical direction (i.e χmean > 1) than spherical or flat (i.e. χmean ≤ 1). As 
described qualitatively above, χmean of the rising air bubbles remains almost constant after increasing the aggregate content from 0 vol 
% to 30 vol%. Especially, the value of the small bubble volume in combination with the fine-graded concrete is completely unaffected 
by the aggregates and remains completely constant. Increasing ϕa to 60 vol%, results in significantly larger χmean values. The largest 
growth is observed for the largest bubble volume, as such large bubbles are less stable and are more easily deformed. Overall, it can be 
said that increased bubble volume, increased aggregate volume fraction, and the use of coarse-grading aggregates enhance bubble 
deformation and elongates the bubble in the vertical direction (i.e. increased χmean) the most.

The effect of the shear history on bubble deformations was investigated by plotting χmean as a function of the sequence of bubbles 
(see Fig. 8(b)–(d)). All subsequent bubbles show an increase in χmean, but differences can be seen when comparing the effect of 
aggregate grading. Hereby, Fig. 8 (b) shows the results for the small bubble volume (tinj. = 70 ms). In pure cement paste, a growth in 
χmean is observed, however it is very small. Right above are the results for the coarse-graded concretes with both 30 vol% and 60 vol% 
of aggregates having almost the same values. The highest values were measured for the both fine-graded concretes, with slightly higher 
values for the 60 vol% aggregates. This order of the graphs remains the same for the medium bubble volume with tinj. = 110 ms, but the 
linear regressions appear to be parallel shifted together so that the effect of the fine-grained concretes becomes less pronounced. Lastly, 
for the largest bubble (tinj. = 150 ms), the linear regressions even become almost horizontal and the bubble deformations approach the 
behavior of a pure cement paste.

4. Shear-induced particle migration during bubble rise

One of the key findings of the study described in Refs. [3,12] and the paper at hand was that shear induced by a rising air bubble can 
lead to shear-induced particle migration with the development of shear channels in the fresh concrete. These channels have an 
increased water content in the centre (i.e. locally decreased viscosity) and an increased particle concentration at the channel walls, so 
that subsequent bubbles tend to follow these rise paths and have an increased rise speed.

The behavior of how particles in a suspension will react in a flow caused by the shear of a moving object (e.g. solid spheres or air 
bubbles), whether they will follow a change in flow or maintain their motion due to their inertia, can be described by the Stokes 
number St. This dimensionless number indicates the ratio of the inertial forces of the particles (i.e. the response time of the particle tp) 
to the characteristic time of the air bubble tb and can be computed with equation Eq. (1) [28,29]. 

St=
tp
tb

Eq. 1 

The response time tp of the particles is a function of the particle density ρp, the particle diameter ds and the viscosity of the sur
rounding cement paste η(γ̇). The characteristic time of the air bubble tb is computed by the ratio of the bubble diameter db and the 
bubble speed in steady state vb. 

tp =
ρp ⋅ ds

2

18 ⋅ η(γ̇) Eq. 2 

tb =
db

vb
Eq. 3 

We first calculated the Stokes numbers of the individual aggregates in the polydisperse distribution of particle sizes and found an 
increase in Stokes number with increasing aggregate diameter. For instance, a reference bubble volume V1 = 1 ml in the 30 vol% 
coarse-graded concrete, results in individual values of Stokes number Stind. = 2.99 (for da = 2 mm); Stind. = 11.98 (for da = 4 mm) and 
Stind. = 47.27 (for da = 8 mm). The increase in Stokes number is in line with the expectation that larger particles are more resistant to 
shear-induced particle migration due to their increased inertia. We calculate the total Stokes number Sttot. Corresponding to the 
polydisperse distribution by weighting the individual Stokes numbers by their corresponding volumetric contents in the particle size 
distribution. This gives, for instance a total Stokes number for the smallest bubble sizes in the coarse-graded concrete of Sttot. coarse =

22.00 and Sttot. fine = 16.59 for the fine-graded concrete. The comparison of these two values suggests that the aggregates in the fine- 
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graded concrete are less stable against particle migration than those in the coarse-graded concrete with higher Stokes numbers. This 
confirms the above-described findings in the experimental results, that coarse aggregates reduce the bubble speed more than fine 
aggregates and that they lead to stonger bubble deformations. According to the literature, the magnitude of the observed Stokes 
numbers can be interpreted as the capability of a given bubble to migrate aggregates of all three diameters [29], but the intensity of 
aggregate migration decreases with aggregate size and hence Stokes number. It should be noted, however, that the interpretation of 
Stokes numbers is only valid for individual particles affected by the flow, which is why we have only used the results for concretes with 
30 vol% aggregates, where we assume that the aggregates are not densely packed, in this interpretation. Densely packed aggregates, i. 
e. 60 vol%, where the aggregates mechanically interact with each other, cannot be considered because the packing density is not 
included in the Stokes consideration (i.e. Eq. (1) - Eq. (3)).

5. Conclusions

This paper presents an experimental study of how individual air bubbles rise in fresh concrete with different granulometric 
properties. The de-airing tests were carried out using X-ray imaging techniques to detect dynamic air bubble parameters during their 
movement. In addition to different bubble volumes, the effect of three volumetric aggregate contents (0 vol%, 30 vol% and 60 vol%) 
and the effect of aggregate grading (fine and coarse) on bubble speed, trajectory and bubble deformation (i.e. changes in aspect ratio) 
were investigated. The effect of shear-induced particle migration concerning shear history was also of interest.

In general, we found that the de-airing of fresh concrete is significantly influenced by the addition of aggregates. Especially for 
aggregate contents of 60 vol% close to the maximum packing density, the bubble rise is no longer continuous, but rather experiences a 
stop and go dynamics due to the bubble-aggregate interactions.

The bubble speed decreases with reduced bubble volume and increased aggregate content from 0 vol% to 30 vol% and 60 vol%. For 
large bubbles, coarse-graded concrete slows bubble speed more than fine-graded concrete, but this effect diminishes with medium 
bubbles and is negligible for small bubbles. Larger bubbles move particles more easily, while smaller bubbles are not able to move 
either of these aggregates, so particle size plays a minor role here.

The effect of the shear history was investigated by injecting three subsequent bubbles after the primary bubble. The greatest in
crease in bubble speed was observed between the first and second bubbles, with the subsequent bubbles showing slower speeds. As the 
bubble volume increases, this phenomenon becomes less intense and the differences between 30 vol% and 60 vol% aggregate content 
become more visible, i.e. the bubble speed pronounced very little or remains almost constant for the largest bubble volumes and 60 vol 
%. Overall, the coarse graded concretes show a slower bubble velocity than the fine graded concretes.

In parallel with the bubble speed, we have shown the effect of shear history on the bubble rise trajectories. For small volumes, 
trajectories in 30 vol% and 60 vol% aggregates, across both gradings, appear similar with slight zigzag and wavy paths, as small 
bubbles “squeeze”through the aggregate network. For larger bubble volumes, this phenomenon is still true for 30 vol% of aggregates, 
regardless of the aggregate grading used. However, at 60 vol%, the trajectories vary for successive bubbles due to aggregates 
approaching maximum packing density, so that the aggregates support themselves and do not create a rise channel. This behavior is 
confirmed by the corresponding bubble speeds, which also remain almost constant and do not increase with each subsequent bubble.

The final parameter investigated was bubble deformation due to bubble-aggregate interactions. It was found that 30 vol% of 
aggregates do not affect the bubble shape for all bubble volumes. It is only when the aggregate content is increased to 60 vol% that a 
change in the bubble aspect ratio is observed, but this becomes more pronounced as the bubble volume increases. Finally, concrete 
grading also has an effect, as the largest bubble deformations occur with large bubble volumes and 60 vol% coarse aggregates. The 
shear history shows its strongest effect for the smallest bubbles, as subsequent bubbles have strongly increased mean aspect ratio χmean. 
When the bubble volume increases χmean becomes less influenced by the sequence of bubbles. In addition, we have shown that the use 
fine aggregates results in a higher χmean compared to coarse aggregates.

These results are consistent with the above-mentioned results and confirm that shear-induced particle migration occurs during 
bubble rise, depending on the bubble volume and the granulometry of the aggregates. The dimensionless Stokes number St was used to 
determine the tendency of the aggregates to move due to flow. However, St only works for single objects, i.e. single aggregates, and not 
for networks of interacting particles as the packing density is not included in the equation (cf. Eq. (2) and Eq. (3)). Even if we assume 
that for concretes with low aggregate contents that the aggregates are well dispersed in the cement paste with sufficient spacing 
between them, the use of St to determine the behavior of concrete aggregates must be considered with caution. This paper result fits 
well with the result of the previous paper [3] where we showed the limits of the use of the dimensionless Reynolds number Re to 
determine bubble rise in cement paste. The physical fundamentals of bubble rise in fluids and granular suspensions cannot be fully used 
to describe bubble rise in cement paste or concrete. Here we are dealing with highly thixotropic granular suspensions with a very wide 
particle size and size distribution and a tendency to segregate during shear-induced particle migration. However, such work is taking a 
decisive step in the closing of this research gap.
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