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ABSTRACT

The durability of concrete must be ensured to reduce the carbon footprint of the
production of portland cement. If concrete is properly designed to preserve its integrity
under adverse exposure conditions, the service life of the material can be extended with
minimum maintenance. Nevertheless, bad handling, placing, finishing or curing practices
can abate the durability potential and service life of even the best mix design. Pumping
concrete is a very efficient placing technique that offers significant cost reduction and
versatility at the jobsite, but it also has the potential of altering the air void system
parameters, which are key to guarantee proper durability under cold weather conditions.
This research has as main goal to expand the current knowledge related to the behavior of
the air-void system of highly flowable concrete (HWC), including SCC, when its pumped.
Nine large-scale pumping campaigns were performed on 18 concrete mixtures exploring
the effect flow rate, boom position, mix composition and workability had on the spacing
factor, and how these factors related to frost durability. In addition, the capability of
rheology to understand air dissolution and reappearance in cement paste under combined
action of pressure and flow were assessed. It was found that the changes in the spacing
factor and fresh state properties did not correlate with a single pumping parameter. Instead,
many parameters played a significant role simultaneously. The tests conducted on cement
paste under pressure revealed that the shear rate, bubble size distribution and duration of
pressure application play a major role on the dissolution and reappearance of air bubbles,
where shear rates in the order of 100 s-1 affect the most the bubble size distribution.
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1
1. INTRODUCTION

1.1. BACKGROUND
Concrete pumping is a placement technique that has been in use for the last 80 years
[1]. Recent developments from the rheology perspective have led to numerical and
analytical models to explain how yield stress suspensions behave when subjected to pipe
flow [2]. This knowledge has helped researchers to construct theories and hypotheses that
address the susceptibility of modern concrete mixtures to suffer changes in their fresh
properties when pumped [3-7]. Nevertheless, there is little information related to how
pumping concrete may truncate the durability potential of air-entrained concrete by
disrupting the air voids stability and its size distribution [8, 9]. Several studies addressing
this regard were done during the decade of 1990 on conventional vibrated (CVC) and highperformance concrete. Hover indicated that field performance tends to be inconsistent in
regard to the entraiment of air and that the specifiers should become familiar with the frost
resistance of the materials to be used [10]. The Washignton State Transportation Center
found that the effect of pumping on the air conent is not consistent [11]. Yingling et al.
pointed out that more research was needed to understand the changes in air content as the
solutions were limited only to few practical guidelines and the fundamentals of the problem
were still not addressed [12]. Dyer conducted tests on pressurized concrete samples and
proved that the air dissolved in the instertitial water at the bubble-cement paste interface,
leading to coarser air void systems when the pressure was released [13]. Chitla et al.
completed an outstanding comprehensive report for the Texas Deparment of
Transportation. They pointed out that apparent air loss may happen right after the discharge
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from the pump and it was recovered after a period of time [14]. Macha et al. used factorial
design of experiments to quantify the impact of the coarse aggregate content, intermediate
aggregate, type of air entrainer admixture, and boom angle on the air loss, discussing in
details the mechanical aspects that may be related to the air loss. Their findinds pointed
that there was a relationship with the increase of slump and air loss, high pressures and
pressure pulses caused the rearrangement of the air bubbles, admixtures with high surface
tensions yielded more resistant air bubbles and less susceptibility of the air void system to
rearrange itself during pumping operations [15]. Elkey et al. found that mixtures that
demandend higher pressures in order to be pumped, experienced higher air losses [16].
Pleau et al. determined that the ASTM C457 method is not suffiently precise to asses
correctly the influence of pumping as it is less sensitive to the dissapperance of the small
air voids than those larger than 200-300 μm. The lack of sensitivity is related to the
assumptions done while calculating the spacing factor [17], therefore the automation or
improvement of the measuring capabilities of the ASTM C457 would not yield better
results if the same formulas are used. Lessard et al. measured the impact of pumping, not
only on the spacing factor, but they also evaluated frost durability [18]. Their results
demonstrated that a reducer helps to preserve the air void system and the scaling resistance
for conventional concrete of 45-50 MPa when pumped through a vertical downward
section. Regarding the effect of freeze-thaw cycles on pumped concrete, Lessard et al.
concluded that pumping did not cause measurable damage to the specimens. However, the
experiments were limited to only one mix desing without replications to confirm these
findings. Hover et al. found that the typical air loss due to pumping is 1.0-1.5% and that
the truck-to-truck variations were larger than in-truck variations as a result of handling
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[19]. His research also stated that careful testing and sampling should be done to truly
isolate the effect of pumping. In addition, Hover mentioned that losses of air do not
necesasely mean that samples are less resistant to freeze-thaw cycles. Sholer et al.
recommended to keep the pumping pressures at the minimum to minimize the changes of
the air void system and that sampling should be done at the discharge of the pump [20].
The changes in the air-void system were generally attributed to three main possible
causes: the dissolution of air bubbles in the surrounding water under pressure, coalescence
of the small air bubbles due to negative pressure, and the impact of the concrete when is in
free fall during casting [17, 20-22]. However, their conclusions can be revised upon the
advent of new admixtures that allow the production of concretes with more robust
characteristics [23] and the application of novelty techniques such the conduction of steady
shear and oscillatory rheological tests under pressure for cement paste [24-26].

1.2. OBJECTIVES
The followings are the general and specific objectives of this research work:
1.2.1. General Objective. The present study has as main objective to understand
which pumping parameters have influence on the changes in the air void system and
rheological behavior of highly workable concrete mixtures. The knowledge aquired will
serve to develop practical guidelines for pumping operations, to minimize the negative
impact of pumping on SCC and HWC workability and air void systems.
1.2.2. Specific Objectives. The following items are the specific objectives pursued
during the project:
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To find experimentally the influence of boom position, flow rate, chemical
admixtures, pipe reducer, submerged pump’s discharge on the workability,
air-void system, freeze-thaw and de-icer scaling in frost durability.



Assess the influence of shear rate, air bubble distribution, pressure and time
on the dissolution rate of air in cement paste of self-consolidating
consistenty, through the science of rheology.

1.3. RESEARCH SIGNIFICANCE
Compared to CVC, Self-consolidating concrete (SCC) is a relatively new
construction material. SCC flows under its own weight without need of external vibration
while keeping its homogeneity. Despite being developed approximately thirty years ago in
Japan, it has been slowly opening its way into the United States market. In 2008, 40% of
all precast production was done with SCC while in the cast-in-place segment only 2–4%
of the concrete placed was SCC [27]. On the other hand, the European Ready Mixed
Concrete Organization (ERMCO) reported in 2017 that 41% of the ready-mix concrete had
a slump flow > 49 cm from which only 2% exceeded 63 cm (Figure 1.1) [28]. At first sight
it may look as the SCC only represents a tiny sector of the concrete market, however it is
an industry that had a global market value of USD 20 billion and expected to grow to USD
30.2 billion by 2024 [29].
One of the factors that has limited the SCC implementation in the construction
industry is that it cannot be produced nor handled as conventional vibrated concrete (CVC).
CVC is by far more robust regarding minor changes on its composition, mixing and
placing. However, the technical, economical and aesthetical benefits of using SCC
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overpass the difficulties related to its production and placement once this technology is
mastered. Therefore, all challenges related to its production and placement must be
addressed in order to increase the level of acceptance of SCC into the cast-in-place sector.

Slump (Slump flow)

2%

5%

1 - 4 cm (≤34 cm)
5 - 15 cm (35-48 cm)
41%

16 - 21 cm (49-62 cm)
52%

(≥ 63 cm)

Figure 1.1. ERMCO members 2017 production by workability class [28].

It is known that SCC is more susceptible to change in fresh state properties than
CVC when pumped. The additional shearing of concrete inside the pipelines derived from
the pressure exerted by the pump and the shear stress distribution in the pipe can change
the rheological properties of SCC leading to potential risk of segregation or blockage [30].
Furthermore, 25 years ago, it was proven that pressure fluctuations in the pump pipeline
plays a major role into the coarsening of the air-void system of air-entrained CVC
compromising the durability of concrete in cold weather. Recent studies suggest that this
issue can be more pronounced for SCC [9].
The flow of SCC through pipelines is intrinsically different from CVC because the
rheological properties differ significantly. During the decade of 1990, a lot of knowledge
regarding the effects of pressure on the air-void system of CVC was developed but none
of the studies were performed on SCC or included rheological or interface rheology tests.
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The dissolution of air voids into the surrounding water theory was proven under static
conditions that are not representative of the conditions that SCC experiences when pumped.
With the technological development of SCC and the need for more sophisticated
techniques to characterize its flow, the importance of concrete rheology became evident
and gave rise to a major research topic on different branches of application like concrete
pumping that were not available in the 90’s. Nowadays, it is known that the major
differences between pumping CVC and SCC is the former traverses the pipelines as a plug
with a thin lubrication layer being shared in proximity to the wall of the pipes, while SCC
develops an extra shearing zone between the lubrication layer and the plug zone and the
pumping pressures depend mainly on the viscosity of SCC.
Therefore, the main questions to answer are: What is the role of shearing on the
changes of the air-void system parameters when SCC is pressurized? Can the rate of change
of workability and hardened air void system parameters be predicted (and prevented) given
the pumping pressure, initial air content, mixture design and rheology? If not, then in what
direction must the next steps be to achieve this task?
An extensive experimental program was proposed to find the answers of this
questions. Field tests like the ones done in literature were conducted with the major
difference that were complemented with rheology and interface rheology measurements to
address the effect of pumping on the workability of SCC and predict the pressures applied
in function of the viscous constant of the lubrication layer. However, the rheological
measurements were invalidated during the data analysis stage due a large plug zone in the
rheometer gap for most of the experiments and illogical trends in the dynamic yield stress
and viscosity. In addition, the performance of the pumped concretes subjected to freeze-
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thaw and de-icer scaling cycles was evaluated and compared to the hardened air void
parameters before and after pumping. Lastly, the role of shearing on the
dissolution/reappearance of entrained air is evaluated independently by conducting
rheological tests under pressure on air-entrained cement paste.
Figure 1.2 show in black boxes the factors that were already known before this
research work as contributors to the change in the fresh and hardened properties of pumped
concrete. One major goal was to be able to link every factor and their contribution to the
changes observed in the fresh and hardened state properties of highly flowable concretes.
Factors like pressure, time, boom position and some modifications like reducers and
common practices oriented to minimize the changes in air content like submerging the
discharge hose were tried. At the present, there is no information reported related to the
effect of shearing on the dissolution of air in cement paste under pressure. Therefore, the
research work described papers I and II had to be developed in order to be able to explain
the trends of papers III and IV. As such, papers I and II describe an approach to gain more
fundamental knowledge on air dissolution, while papers III and IV discuss practiceoriented field methods, similar to mock-up tests, to evaluate changes in the air-void system.
However, the variability of the data collected for papers III and IV hindered the capacity
of the research team to bridge them with the observations regarding the dissolution of air
in cement paste. Nevertheless, progress was made, as the role of the bubble size distribution
on the dissolution and reappearance of air in cement paste was unknown beforehand. The
role of the bubble size distribution in the changes of the air content and air void system
may not be negligible. Concrete is subjected to pressure pulses in piston pumps and the
bubbles require little time to reappear when pressure decreases and there is shearing action.
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Therefore, all or at least one fraction of the air bubbles must dissolve and reappear
alternately.

Effects of pumping in fresh and hardened
state properties of concrete

Factors
Papers III & IV

Papers I & II
related to
Pressure

Pumping

Shearing

Time

Materials

Bubble
size

SCC/HWC
Steady
shear
rheology
under
pressure

“X”

Boom
position

Testing
techniques

Modifications

Reducer

Submerged
discharge

•
•

Slump/slump flow
Air content

•
•
•

Air void analysis
Freeze-thaw cycles
De-icer scaling

Future work

Figure 1.2. Contribution to the current state of the knowledge. The information in the
black boxes is existing knowledge. The gray boxes describe the contributions of this
thesis, and the dashed line is the needed connection in the future.
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2. LITERATURE REVIEW

2.1. CONCRETE PUMPING
In terms of rheology, concrete is a suspension of aggregates in cement paste. The
concentration of solid particles can be as high that friction is the only mechanism
transferring the stress between them, thus leading to a non-pumpable mixture for any
practical case [8]. When friction does not dominate the stress transfer, the flow behavior is
usually described in literature with the Bingham model (Equation 1):
𝜏 = 𝜏 + 𝜇 𝛾̇

(1)

where τ is the shear stress (Pa), 𝜏 is the yield stress (Pa), 𝜇 is the plastic viscosity (Pa.s)
and 𝛾̇ is the shear rate (s-1). Figure 2 shows that the shear stress distribution of concrete
subjected to pipe flow gets the maximum shear stress by the wall of the pipe and is
gradually reduced in linear fashion towards the center of the pipe [31]. Therefore, if
concrete has a measurable yield stress, there is always a theoretical zone where the shear
stress becomes smaller than the yield stress of the bulk concrete. Therefore, that zone is
not sheared and concrete travels as a plug [31]. The higher the yield stress, the larger the
plug flow zone will be for the same applied pressure.
Figure 2.1 also shows that the sheared zone is composed by two layers. The layer
closer to the plug is bulk concrete being sheared and the thin layer closer to pipe wall is
composed by a micro-mortar and known as the lubrication layer [32]. Its formation is
caused by the wall effect of the pipe boundary and shear-induced particle migration
(SIPM). SIPM is a phenomenon in suspensions that has its origins in the competition
between gradients in particle concentration and gradients in viscosity of the suspension
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[33, 34]. These gradients cause that the particles migrate from higher to lower shear rates
zones (Figure 2.2). As the suspended particles (aggregates) pack densely towards the center
of the pipe, a viscosity gradient is formed and hinders the ability of particles to keep
migrating.

Figure 2.1. Shear stress, shear velocity and shear rate profiles for concrete subjected to
pipe flow [31].

Figure 2.2. Particle concentration gradient due to shear-induced particle migration in pipe
flow [32].
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The pumpability of concrete strongly depends on the interface properties of the
lubrication layer. Kaplan et al [31] developed a bi-linear model that relates the flow rate
of concrete with the required pressure to maintain it using the rheology of concrete, the
interfacial properties of the lubrication layer and the pipe geometry (Figure 2.3).
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Figure 2.3. Curve flow rate - pressure. Adapted from Kaplan et al [31].

The section “A” of the flow rate – pressure curve describes the flow of concrete
merely based on the interface properties (Equation 2) while the section “B” requires the
addition of rheological properties to predict the pumping pressure (Equation 3).
𝑃=

2𝐿
𝑄
𝜂+𝜏
𝑅 3600𝜋𝑅 𝑘

𝑣 𝑅
𝑅
𝑅
⎡
2𝐿 𝑅 − 4𝜇 𝜏 + 3𝜇 𝜏
⎢
𝑃=
𝜂+𝜏
𝑅
𝑅 ⎢
1+
𝜂
4𝜇
⎣
where:
𝑃=

Pressure

𝐿=

Length of the pipe

(2)

⎤
⎥
⎥
⎦

(3)
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𝑅=

Pipe radius

𝑘 =

Filling coefficient

𝑄=

Flow rate

𝜂=

Interface viscous constant

𝜏 =

Interface yield stress

𝑣 =

Plug velocity

𝑅 =

Plug radius

𝜏 =

Concrete yield stress

𝜇=

Concrete plastic viscosity

Therefore, the section “A” indicates that there is not a sheared portion of the
concrete and the pumping pressure is only dominated by the interface properties. The
transition between section “A” and “B” rises from increasing the flow rate up to the point
that the pressure needed exceeds the yield stress of the bulk concrete and gives place to
viscous flow in the shear zone between the lubrication layer and the remaining concrete
plug.
Kaplan et al reported shear rates in the range of 20-40 s -1 for pumpable concrete
[35]. For SCC, the shear zone can experience shear rates as high as 60 s -1 while is being
pumped [36]. This is enough to breakdown the structural build-up related to thixotropy and
even to cause extra dispersion of the cementitious phase of concrete leading to further
absorption of any residual admixtures that has not being functionalized yet. Thus, the
rheological properties of SCC are prone to change [3, 8, 9].
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2.2. AIR ENTRAINING ADMIXTURES AND THE AIR VOID SYSTEM
Air entraining admixtures (AEA) belong to the family of chemicals known as
“surfactants”. AEAs stabilize the air bubbles formed during the mixing process by reducing
the surface tension of water, impeding coalescence and linking the bubbles to aggregate
and cement particles [37]. It is hard to classify the AEA into a specific class of chemicals
since are produced from chemically complex raw materials (Table 2.1) and can even be
composed by a mixture of these plus additional ingredients [38].

Table 2.1. Classification of common AEA according to their origin [38].
Classification

Chemical description

Wood derived acid salts:

Alkali or alkanolamine salt of:

Performance characteristics:



Vinsol resin

A mixture of tryclic acids, phenolics
and terpenes

Minor air gain with initial mixing. Air loss
with prolonged mixing. Midsized air
bubbles formed. Compatible with most
other admixtures.



Wood rosin

Tricyclic acids-major component.
Tricyclic acids minor component.

Same as above.



Tall oil

Fatty acids-major component.
Tricyclic acids-minor components.

Slower air generation. Air may increase
with prolonged mixing. Smallest air
bubbles of all agents. Compatible with
most other admixtures.

Vegetable oil acids

Coconut fatty acids, alkanolamine salt.

Slower air generation than wood rosins.
Moderate air loss with mixing. Coarser air
bubbles relative to wood rosins.
Compatible with most other admixtures.

Synthetic detergents

Alkyl-aryl sulfonates and sulfates (e.g.
sodium dodecylbenzenesulfonate)

Quick air generation. Minor air loss with
mixing. Coarser bubbles. May be
incompatible with some superplasticizers.
Applicable to cellular concretes.

Synthetic workability aids

Alkyl-aryl ethoxylates

Primarily used in masonry mortars.

Miscellaneous

Alkali/alkanolamine acid salts of
lignosulfonate
Oxygenated petroleum residues.
Proteinaceous materials.
Animal tallows.

Discontinued.
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A typical AEA consists of a non-polar hydrocarbon chain with an anionic polar
group [39]. The polar group (carboxylic or sulfonic acid) gets oriented in direction of the
water phase lowering the surface tension of water, promoting bubble formation and
avoiding the coalescence of the dispersed bubbles due to electrostatic repulsion. In
presence of cement and aggregates, the surface charge of the stabilized bubble gets it
attached to cement and aggregate surfaces forming aggregate-air-cement-air-aggregate
type of bridges [40] as depicted in Figure 2.4. Such system would permit shear motion,
since the air bubbles act like compressible bearings improving the cohesion and
workability of the mixture [40].

Figure 2.4. The air entrainer admixtures create bonds between aggregates, bubbles and
cement particles to stabilize the air void system [40].

The air void system of concrete can be described using three main parameters:


Air content: Percentage of air per unit of volume.



Specific surface: The surface area of the air voids divided by their volume.



Spacing factor: The maximum distance of any point in the cement paste from the
periphery of an air void.
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These parameters are measured on polished hardened concrete sections examined
under an optical microscope. The ASTM C457-16 recognizes three methods:


Linear-traverse



Modified point-count



Contrast enhanced method
The linear traverse method consists of the determination of the composition of

concrete regarding to its volumetric proportions by adding up the distances traversed across
by solids or air voids when these intersect a series of regularly spaced lines in one or more
planes. The data is processed to determine the total traversed length, the length traversed
by air voids and the length traversed by paste and the number of air voids intersected by
the traverse line [41]. The modified point count method determines the volumetric
composition of concrete based on the frequency with which paste, aggregates and air voids
are observed using a grid of points equally separated. These points may be in one or more
planes intersecting the specimen. The collected data is the linear distance between stops
along the traverse, the number of stops and the number of stops in air voids intersected by
the line of traverse over which the component data is gathered [41]. The contrast enhanced
procedure consists of the determination of the volumetric composition of the concrete by
summing distances measured in digital images of a prepared concrete surface using a series
of regularly spaced lines in one or more digital images obtained with a flatbed scanner or
an automated digital microscope [41]. The three methods required an exhaustive sample
preparation. The hardened concrete specimen is cut in such size that it can be handled by
the available equipment. The ASTM C457-16 specifies a minimal area of analysis based
on the maximum aggregate size of the specimen. Then, the surface must be lapped using
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suitable abrasive media such silicon carbide or diamond pads decreasing the particle size
in stepwise fashion as the sample becomes free of scratches or saw marks and it approaches
total flatness. The sample is ready for microscopical analysis when is completely flat and
can reflect light from a distance source. The contrast enhanced method requires coloring
the surface using black ink and filling the air voids with a finely ground white powder. The
image or images are processed by image analysis software to determine the air void
parameters.

2.3. FROST DURABILITY
Frost durability is a common concern for contractors when they have to follow strict
specifications in regards the air content of concrete. The following sections address the
mechanism of freeze-thaw damage and the role of the air void system into the durability of
concrete.
2.3.1. Freeze-Thaw Damage. The durability of concrete on cold climates strongly
depends on the quality of its air-void system. Therefore, adequate volume of air voids, their
specific surface and spacing factor must be guaranteed for ensure the integrity of the
concrete exposed to freezing temperatures. There are three main theories that explain the
mechanism of freeze-thaw damage. The “hydraulic pressure” theory was the first one to
include the spacing factor of the air void system and it was presented by Powers [43] in
1949. The core of this theory implied that water in the pores of concrete follows Darcy’s
Law, attributing the frost damage to a stress bulid up caused by hydraulic pressure. The
source of the hydrostatic pressure was the freezing waterfront pushing the still liquid water
ahead, creating internal hydrostatic pressure. Concrete with no air entrained was prone to
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crack as there were no air voids to act as reservoirs for relieve the hydraulic pressure. On
the other hand, air entrained concrete, with sufficiently close air voids allowed the water
to migrate into the voids if the freezing rate was not too fast. The hydrostatic pressure
forces the water through small capillary pores to the closest air bubble preventing the stress
build up and subsequent cracks. Powers and Helmuth found that the hydraulic pressure
theory was not correct as numerous tests shown that water goes towards the capillary pores,
it does not come from them, causing shrinkage in the paste [44]. Hence, Powers and
Helmuth developed the “osmotic pressure” theory in which the movement of water in the
paste was caused by the differences on the freezing point of water for different capillary
pore sizes. As water freezes in the large pores first, water from the smaller pores travels to
where the ice is being formed to equilibrate the ion concentration of the pore solution, as
the concentration increases when the water freezes. The water flow causes internal pressure
in the capillary network and if it exceeds the tensile strength of concrete, it cracks. It was
suggested in this theory that the spacing factor of the air void system should be around 250300 μm to prevent damage within the concrete. Later, Litvan [45] developed another
theory in a series of papers between 1972 and 1980. Litvan’s theory states that water must
travel through the paste and will only freeze on the exterior surface as due to changes in
vapor pressure, water cannot freeze in the capillary pores. The internal damage starts
developing if the distance or freezing rate is too large. In this theory, if the freezing rate is
too fast or the distance to the external surface is too large, concrete cracks due to the
pressure build-up caused by the water movements in the capillary network.
The exact mechanism behind the cumulative damage caused by freeze-thaw cycles
is not known. However, independently of what causes the damage, it is of common
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agreement that concretes with spacing factors lower than 200 μm, generally perform well
when exposed to freezing temperatures [46, 47]. The fact that high air contents do not
automatically grant high durability or low spacing factors, cannot be overemphasized. It is
not uncommon that concretes with the same air content show different performance versus
freeze-thaw cycles [9]. The reason is that standardized air content tests only report the total
air content but provide no information regarding the air void size distribution. So, there
could be two concretes with the same air content but different air void size distributions,
being the coarser one with the highest spacing factor. In the same way, low air contents do
not necessarily mean that the concrete will perform bad to freeze-thaw damage, as well
distributed closely spaced small air bubbles would add to low volumes of total air but
provide enough protection under freezing conditions[17, 19].
Therefore, the air losses linked to pumping that are often reported on field do not
necessarily impact to freeze-thaw durability, as the air losses are not always linked to a
significant coarsening of the spacing factor but mishandling or bad placing practices like
excessive drop heights that can burst or remove the larger air bubbles similar to what a
vibrator would do [17-49].
At the end, it is clear that frost durability relies strongly on the air-void system. It
is true that pumping can compromise the integrity of the air-void system in concrete [9, 1419, 48], but it is also true that if the air-void system parameters change is significantly
detrimental after pumping, the resistance to freeze thaw cycles is decreased. In the past, it
has been claim that if the initial air-void system is robust, the changes in the air void system
will not affect the freeze-thaw durability of the concrete as fundamentally durable concrete
should not be affected by pumping [19], but this statement is yet to be proven for SCC.
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2.3.2. De-icer Scaling Damage. The use of de-icer salts have been linked to the
cumulative scaling of the top layer of concrete exposed to these, usually affecting only the
top few millimeters of the concrete [46]. The underlying mechanism of surface damage
provoked by de-icer salts is a complicated phenomenon as it is influenced by several other
mechanisms. In addition to osmotic and crystallization pressure, de-icer salts increase the
saturation point of concrete and keep the porosity almost completely full with water,
making concrete more susceptible to be damage if this liquid gets frozen [50]. De-icing
solutions decrease the freezing point of concrete pores solution, which leads to a significant
increase of the hydraulic pressure as the liquid becomes supercooled [51]. The de-icer salts
concentration exist in concrete as a gradient, being maximum at the surface and gradually
decreases as it permeates and diffuses further into the bulk concrete. Therefore, ice will
form under different layers from the salt-exposed surface, resulting in the deformation of
the layers and generation of pressure between them. If certain layer of ice restrains the
movement of supercooled water, then the hydraulic pressure increases up to a degree where
concrete can be scaled. In addition, it has been reported before that there are chemical
interactions between de-icer salts and the ingredients of concrete causing leaching and
decomposition of the hydrated phases of concrete [52], as well as an increase of the
carbonation rate [53]. Other research works attribute the damage caused by de-icer salts to
the fact that dissolved salts decrease the vapor pressure, thus increasing the degree of
saturation of concrete and the damage occurs due to internal crystallization pressure [54,
55].
Among the present theories that attempt to explain the scaling of concrete in
presence of de-icer salts like the “hydraulic pressure” theory presented by Powers [44],
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Helmuth’s “osmotic pressure” theory [56] and others, cannot explain the damage when the
concrete is not pounded with a solution of de-icer salts or why concentrations of salt larger
than 3% do not increase the degree of saturation of concrete, thus accelerating the damage
caused by the frost action [46, 57].
In general, the susceptibility of concrete to be damaged by de-icer salts is also
influenced by the air-void system. Therefore, the same procedures applied to the
preservation of the air-void system after pumping for ensuring adequate durability to
freeze-thaw cycles, apply for de-icer scaling too. Therefore, to prevent frost damage, the
air-void system and permeability of the concrete are key properties.

2.4. THE EFFECT OF PRESSURE ON THE RHEOLOGY OF AIR-ENTRAINED
CEMENT PASTE
Typically, air-entrained concrete shows lower viscosity than non-air-entrained
concrete with the same w/c [42]. The role of entrained air on the rheological properties of
concrete under pressure is hard to define as it depends on several factors. The air bubbles
are prone to be dissolved in the water and reappear when pressure is removed, altering air
bubble volume and size distribution [13, 15-19]. Bubbles in fluids act as soft particles
susceptible to be deformed by the shearing forces acting on its surface [58]. This shape
distortion is described in literature by the capillary number (Equation 4) and it expresses
the ratio between viscous forces and surface tension as follows:
𝐶𝑎 =

𝛾̇ 𝜂𝑎
Γ

(4)

where 𝐶𝑎 is the capillary number (-), 𝛾̇ is the shear rate in s-1, 𝜂 is the apparent viscosity of
the suspending medium (Pa s), 𝑎 is the bubble diameter (m) and Γ is the surface tension at
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the water-air interface (N/m). When 𝐶𝑎 ≫ 1, the shearing forces on the bubble surface are
sufficiently high to overcome the surface tension, the bubble elongates and reduces the
apparent viscosity of the fluid [3, 59]. At 𝐶𝑎 ≪ 1 the surface tension is strong enough to
keep the bubbles spherical and amplify the overall rheological properties [58] (Figure 2.5).
The amplification of the rheological properties due to non-deformable solid
particles is covered by the Krieger-Dougherty Equation [60, 61], as it predicts the relative
viscosity of a concentrated suspension in function of the solid volume fraction of suspended
particles (Equation 5).
𝜂 =1−

𝜙

.

(5)

𝜙

where 𝜂 is the relative viscosity, 𝜙, solid volume fraction (-), and 𝜙

, is the maximum

packing density of the suspension. Figure 2.6 plots the Krieger-Dougherty Equation and
shows that if partciles are taken out of the suspending medium, the relative viscosity of
the suspension must decrease.

Yield stress

𝐶𝑎 ≪ 1

𝐶𝑎 ≫ 1

Plastic viscosity

Figure 2.5. Effect of air bubbles as function of the capillary number on the rheological
properties of suspensions.
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Figure 2.6. Effect of particles removal on the relative viscosity of suspensions.

Therefore, the pressurization and subsequent dissolution of non-deformable air
bubbles leads to a decrease in the apparent viscosity of suspensions [62]. It is important to
mention that the 𝐶𝑎 in concrete may be sufficiently large to deform a significant fraction
of the air-void system if the surface tension is low and the shear rates experienced by the
constituent paste are high. Furthermore, pressure is applied through pulses made by the
pump pistons and decreases gradually as the concrete gets closer to exit the pipeline.
However, the evaluation of the rheological properties under pressure is still more
representative for the behavior during pumping at least during the fraction of time that one
piston stroke last.

2.5. THE DISSOLUTION OF AIR AS FUNCTION OF PRESSURE
The physical background for air dissolution and reappearance is covered by
Henry’s law (Equation 6) which states that, in steady-state conditions and at constant
temperature, the concentration of gas that can be dissolved in a liquid is proportional to the
partial pressure of that gas in that liquid [16]:
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𝑝 = 𝑘𝐶

(6)

where 𝑝 is the partial pressure, 𝑘 is Henry’s law constant and 𝐶 is the concentration of the
dissolved gas in solution at equilibrium [63]. Therefore, as the pressure increases, the
capacity of water to carry dissolved air increases proportionally. Furthermore, if a fluid is
under shearing conditions, dissolution is expected to happen faster [64]. Air exists in
concrete as discrete air bubbles of different sizes that do not easily coalesce when air
entrained polymers are added and are deemed to be stable. In order to be stable, the mass
transfer from the bubble to the surrounding water must be minimum [65]. It is well known
that gases are susceptible to be dissolved in water and the capacity of water to carry
dissolved gases depends on the nature of the gas, pressure and temperature. Therefore,
when concrete is under pressure, air will tend to be dissolved immediately due to the large
bubble surface area that is in contact with water and diffuse further from the bubble film
until the water becomes saturated.
Another factor helping air dissolution is the fact that the smaller bubbles are the
ones more susceptible to be dissolved or transfer their mass by diffusion to larger bubbles
because small bubbles are already under higher internal pressure due to the surface tension
of the surrounding liquid [63, 65]. The air can be dissolved partially or totally depending
on: the volume of air in the concrete, the water availability around the bubble and the
pressure exerted by the pump [15], the portion of concrete sheared inside the pipe, degree
of equilibrium between the air-water interface achieved during the pressurization time,
filling coefficient of the pump pistons [31] and the permeability of the air-entraining
admixture bubble film [14].
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2.6. CHANGES ON THE AIR-VOID SYSTEM INDUCED BY PRESSURE
FLUCTUATIONS: LABORATORY AND FIELD TESTS
Nowadays, it is not a secret for practitioners of the concrete industry that pumping
concrete can alter the air content and its air-voids size distribution, neither the negative
implications of these changes regarding cost, durability and workability. Air loss due to
concrete pumping maneuvers have been discussed in literature at least since 1972 [66].
However, it was not until the decade of 1990 that several researchers developed composite
theories about the possible physical mechanisms involved with the air-void system
changes. The first studies related to this issue was one technical report from the Washington
Aggregates and Concrete Association [11] and the master’s thesis of Dyer R.M. from the
University of Washington [13], both from 1991 and digitally unavailable. Macha et al [15]
published in 1991 an interim report that could be the oldest digitally available reference
that acknowledge changes in the air-void system induced by pumping and not only changes
on the overall air content as previous works did. The motivation for their study was based
on field experience from 1989, were highly abnormal quantities of air-entraining admixture
were required to achieve the specified air content at the discharge of the pump during the
construction of a bridge deck. The issue was that after analyzing the air-void system of
hardened samples, the air content was always systematically higher than the air content
measured at the pump discharge by approximately by 50%, which compromised the
fulfillment of the specified compressive strength. It was inferred that the mechanism linked
to temporally air loss was the dissolution of air bubbles in the liquid phase of fresh concrete
due to the pressure exerted by the pump and indirectly linked to mixture design parameters
like coarse aggregate content and type and dose of air-entrainer admixtures. In 1994 their
final report was published and according to their pressure theory, when positive pressure
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is applied the smaller bubbles of the air void system are dissolved faster into the
surrounding water and then the dissolved gas molecules are released into subsistent larger
bubbles when the pressure is reduced [15]. Applying a partial factorial experimental design
with coarse and intermediate aggregate content, surface tension of the admixture and boom
position as variables, it was determined that concretes with relatively higher water contents
had larger spacing factors after pumping and the concretes pumped had generally lower air
contents (hardened state). However, there were cases that unnoticeable changes on the air
content were recorded. On the same time frame, Elkey et al [16] reported in 1994 the results
product of a research project sponsored by the Washington State Department of
Transportation (WSDOT). Their laboratory experiments were focused on measure the
impact of pressure and pressurization time on fresh concrete of different compositions. The
samples were pressurized for 30 s and depressurized under static conditions, let to set and
analyzed using the linear traverse method for determine the air void system parameters
(Figure 2.7). The results obtained were consistent with Dyer’s theory [13]. Therefore, it
was concluded that the coarsening of the air void system depends on the pressure and
pressurizing time.
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Figure 2.7. Changes induced by pressure on the air void chord distribution. Adapted from
[16].
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The samples containing fly ash turned out to be more robust to the effect of
pressurization despite starting with relatively lower air contents in comparison with the
non-fly ash concrete samples (Figure 2.8). This effect was attributed to a reduction on the
air diffusivity when sand volume was replaced by finer particles (i.e. fly ash). Thus, the
presence of fly ash reduces the volume of water available surrounding a given bubble to
diffuse the air out. If this hypothesis were to be true, the same effect should be noted with
any other cementitious/filler addition or when lower w/c are used and tested under static
conditions. Macha and Elkey’s research groups also noted that the extent of change varies
with the type of AEA used and volume of air, attributing this effect to the permeability of
the air-water interface determined by the type and concentration of the AEA.
Elkey’s research group also conducted a real scale field tests to address the impact
of pumping concrete on its fresh state and freeze-thaw durability performance. The mixture
design consisted of w/c= 0.38, 15% of the cementitious phase was composed by fly ash
class F, and compressive strength of 5,000 psi at 28 days to meet the specifications of
WSDOT. While their estimated maximum pumping pressures were in the range of 250 psi,
they were unable to measure any noticeable change on the relative dynamic modulus of the
casted samples after subjecting them to 350 freeze-thaw cycles. Thus, it was corroborated
that the use of fly ash type F substantially reduces the sensitivity of the air void system to
pressure [16].
Pleau et al [17] conducted a series of large-scale tests focused more into the
practical aspects of pumping that influence the stability of the air-void system. Their air
void system parameters analysis consisted on the determination of the distance between a
point randomly chosen in the cement paste that ice must travel before reaching the nearest
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air void. This distance is known as flow length and has been claimed to be better related to
durability of concrete than the spacing factor [17]. As can be seen in Table 2, vertical
pumping has a larger effect on the air void system parameters than horizontal pumping.
There are two main mechanisms responsible of air loss during vertical pumping: one is the
presence of negative pressures in the descending part of the boom which can coalescence
or burst the large bubbles due to their expansion and later impact of concrete after its
discharged. While impact can remove considerable volumes of air, these volumes are
mainly composed by large bubbles that burst or escape upon impact and have little effect
on the spacing factor or flow length. On the other hand, the pressurization of concrete gets
the smaller air bubbles to dissolve first and after depressurization a rearrangement of the
air void size distribution occurs because the dissolved gas tends to be released on existing
bubbles.

700

OPC+Fly ash.
Air=5.5%

Spacing factor (μm)

600

OPC. Air = 5.6%

500

95% confidence
interval

400
300
200
100
0
0

100

200

300

400

500

Pressure (psi)

Figure 2.8. Effect of pressure on the spacing factor under the presence of fly ash type F.
Adapted from [16].
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Lessard et al [18] pumped air-entrained conventional vibrated concrete using three
different boom setups. For the first setup the boom was positioned horizontally with a
flexible hose attached for the last 13.5 m (from which the diameter got reduced from 12.5
cm to 10.0 cm for the last 9.0 m). The second setup had the boom vertically using the same
pipe/flexible hose configuration than the last one allowing the concrete to free fall 19.0 m,
and the third setup had the last 6.0 m of flexible hose with a diameter of 10.0 cm and a last
rigid portion of 0.9 m with diameter of 7.5 mm. Their goal was to define the influence of
adding reduced boom sections to counterpressure the concrete in the descending part of the
boom and compare those to the horizontal setup. Besides characterizing the air void system
parameters, they also contrasted the durability performance of pumped and unpumped
subjected to freeze-thaw cycles and de-icer scaling. Table 3 shows a summary of the results
of Lessard et al. As can be seen, horizontal pumping has unnoticeable effect on the
durability tests despite having applied up to 300 psi during pumping. On the other hand,
vertical pumping duplicates the mass loss of de-icer scaling specimens. If during the last
0.9 m of flexible hose the diameter is reduced from 10.0 to 7.5 cm (3 rd boom setup), the
durability of concrete to de-icer scaling gets restored almost completely. De-icer scaling is
a more severe test than freeze-thawing and thus it is more sensitive to detrimental changes
on the air void system parameters. Similarly, the results of Hover and Phares [19] showed
that pumping vertically reduces the total air content despite bending the end of the hose to
limit the free fall of concrete through the pipeline, but the durability of concrete to freezethaw cycles perdured. As a matter of fact, the durability factor even showed slight
improvement. No de-icer scaling tests were performed.
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Table 2. Summary of changes induced by horizontal and vertical pumping reported by
Pleau et al. Adapted from [17].
Hardened concrete

Fresh
concrete

Total air voids

Air
content

Only air voids < 300 μm

(%)

Air
content
(%)

Specific
surface
(mm-1)

Spacing
factor
(μm)

Air
content
(%)

Specific
surface
(mm-1)

Spacing
factor
(μm)

Flow
length
(μm)

Horizontal
pumping

Before

5.9

4.3

33.6

160

2.0

42.9

170

170

After

6.1

4.7

23.1

225

2.1

37.5

190

195

Vertical
pumping

Before

6.4

5.6

21.8

205

2.0

42.0

175

175

After

4.8

3.6

21.6

265

1.1

40.0

235

305

Table 3. Effect of reducers placed at the boom discharge on freeze-thaw and de-icer
scaling durability. Adapted from [18].
Boom setup
st

Slump, mm
Air content
(fresh state), %
Pumping
pressure (max),
psi
Air content
(hardened state),
%
Spacing factor,
µm
De-icer scaling
mass loss after
50 cycles, kg/m2
Freeze-thaw
durability factor,
%

nd

1
Horizontal
pumping

2
Vertical
pumping

Before After

Before After

105

110

95

85

4.5

4.6

4.3

3.4

300

3rd
Vertical
pumping
After
No
Before
Reduced
reduced
end
end
90
115
115
4.5

340

4.0

4.2

250

5.1

5.7

3.9

3.1

5.9

4.8

4.1

190

220

180

305

195

250

215

0.15

0.12

0.19

0.49

0.29

0.66

0.34

99

99

102

97

99

98

101
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Buolet et al [67] confirmed that in addition to the air dissolution mechanism, the
pressurization time and maximum pumping pressure reached usually do not change the air
content significantly but the spacing factor increases, which is a symptom of air void
system coarsening. Feys [68] found out on a series of SCC pumping tests that the air
content substantially increased but there was not a clear explanation for this observation
and pointed out at either the filling efficiency of the pump pistons is not 100% and therefore
it injected air into the pumped concretes or the entrapment of additional air when filling
the testing reservoir. An additional cause that was not point out could be the release of
dissolved air from the mixing water due to a temperature increase during pumping.
Ghafoori et al [69] pumped a series of air entrained SCC mixtures and evaluated the
changes on workability and the air void system. Regarding the air void system, the air
content remained constant before and after pumping. The assessed concretes had
acceptable spacing factors before pumping, and despite some reduction on the specific
surface, the spacing factors remained below the recommended 200 µm. Riding et al [8]
noticed a substantial decrease on the fresh air content after pumping of highly workable
concrete on laboratory tests while on those obtained on field, the fresh air content
increased. Their hypothesis was that additional mixing of the concrete, as it can happen on
shallow formworks, was responsible of stabilizing additional bubbles upon release of
concrete to the formwork. Additional mixing, besides increasing the chances of entrapping
extra air may also help to release some of the dissolved air quickly and thus reappearing
on existing bubbles. No durability tests were performed in this study. Vosahlik et al [9]
found that the pump setup (flow rate and boom position) do not correlate with the changes
in the air void system due to pumping for CVC. Nevertheless, a trend between the change
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in the spacing factor and concrete flow rate was observed for SCC. In the case of coupling
a reducer to the end of the discharge hose in the case of SCC mixtures damaged the air
void system. Their results on fresh and hardened air content agreed, suggesting that most
of the air reappears after the concrete is depressurized.
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ABSTRACT

Concrete pumping is the most used technique to transfer concrete from the mixer
truck to the formwork. Numerous studies have been performed on the flow behavior of
concrete in pipes, as well as the consequences of pumping on fluid and hardened concrete
properties. One of the negative consequences of pumping concrete is a decrease in freezethaw resistance. This is caused by a decrease in air content and an increase in air bubble
size, due to dissolution and reappearance of air and air bubble coalescence under pressure.
This paper investigates the capability of rheology to understand air dissolution and
reappearance in cement paste under combined action of pressure and flow. A majority of
the air bubbles in the cement pastes show low capillary-numbers, indicating the applied
stress is insufficient to overcome the surface tension. Removing air causes a decrease in
viscosity (or shear stress), up to a certain threshold pressure sufficient for full dissolution
of the air. For mixtures with small air bubbles, the sudden application of pressure causes
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an immediate decrease in viscosity or shear stress. Mixtures with larger bubbles display a
more gradual decrease in viscosity with the application of pressure. At depressurization,
the viscosity of the sample is recovered almost instantly, although in some cases the
viscosity is not fully recovered. This can be attributed to either an immediate air loss or to
a coarsening of the air-void system, resulting in less non-deformable air bubbles in the
paste.

1. INTRODUCTION

Concrete is the most popular construction material worldwide due to the global
availability of its components at a relatively low cost, and suitable mechanical properties
for most structural purposes [1]. The construction industry constantly challenges concrete
producers to develop more complex mixture designs that are able to fulfil the mechanical
and durability requirements of modern construction paired with demanding placement
schedules and complex jobsite conditions. Concrete pumps have been used for over 80
years to place concrete and meet these conditions [2]. Nowadays, pumping concrete is one
of the most used practices to deliver concrete from mixer trucks directly to the casting place
[3]. Many scientific studies have been performed to understand the flow of concrete
through pipes and the influence of the mixture design and pumping parameters on the fresh
properties of concrete after pumping [4-13].
Typically, air-entrained concrete shows lower viscosity than non-air-entrained
concrete with the same water-to-cement ratio (w/c) [14], but this is not necessarily true
under pumping conditions. The role of entrained air on the rheological properties is one of
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the hardest to elucidate because when concrete flows under pressure, the air bubbles are
prone to be dissolved in the water and reappear when pressure is removed, altering air
bubble volume and size distribution [15,16]. An adequate air-void system, with small air
bubbles and low spacing factors, is essential for the freeze-thaw durability of permeable
concrete [17]. Experiments and experiences show typically an increase in spacing factor
due to pumping operations, which may negatively affect freeze-thaw resistance [15-18].
The physical background for air dissolution and reappearance is covered by Henry’s law
(Equation 1) which states that, in steady-state conditions and at constant temperature, the
concentration of gas that can be dissolved in a liquid is proportional to the partial pressure
of that gas in that liquid [15]:
𝑝 = 𝑘𝐶

(1)

where 𝑝 is the partial pressure, 𝑘 is Henry’s law constant and 𝐶 is the concentration of the
dissolved gas in solution at equilibrium [19]. Therefore, as the pressure increases, the
capacity of water to carry dissolved air increases proportionally. In addition, if a fluid is
under shearing conditions, dissolution is expected to happen faster [20]. The air can be
dissolved partially or totally depending on: the air content of concrete, the water
availability, the pressure exerted by the pump [21], the portion of concrete sheared inside
the pipe, degree of equilibrium between the air-water interface achieved during the
pressurization time, filling coefficient of the pump pistons [22], the permeability of the airentraining admixture bubble film.
To add further complexity, bubbles in fluids act as soft particles susceptible to be
deformed by the shearing forces acting on its surface. This shape distortion is described in
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literature by the capillary number (Equation 2) and it expresses the ratio between viscous
forces and surface tension as follows:
𝐶𝑎 =

𝛾̇ 𝜂𝑎
Γ

(2)

where 𝐶𝑎 is the capillary number (-), 𝛾̇ is the shear rate in s-1, 𝜂 is the apparent viscosity of
the suspending medium (Pa s), 𝑎 is the bubble diameter (m) and Γ is the surface tension at
the water-air interface (N/m). When 𝐶𝑎 ≫ 1, the shearing forces on the bubble surface are
sufficiently high to overcome the surface tension, the bubble elongates and reduces the
apparent viscosity of the fluid [10,23]. At 𝐶𝑎 ≪ 1 the surface tension is strong enough to
keep the bubbles spherical and amplify the overall rheological properties [24]. With so
many factors that affect the rheological properties of air entrained concrete during
pumping, and possible interactions among them, the evaluation of the rheological
properties under pressure would be more representative for the behavior during pumping.

2. EXPERIMENTAL PROGRAM

2.1. MATERIALS AND METHODS
2.1.1. Materials and Mix Design. The cement pastes used in this study were
produced using ordinary Portland cement (PC), ASTM C494 type F polycarboxylate ether
(PCE) superplasticizer (SP) [25], ASTM C494 Type B retarder [25], air-entraining
admixture (AEA) and tap water at water-to-cement ratios (w/c) of 0.35 and 0.45 (by mass).
The retarder was added to minimize the effect of hydration during the rheological tests. In
order to keep constant w/c regardless of the dosage of the AEA, the solid residue of the
admixtures was determined by oven-drying as specified in ASTM C494-17 and the
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resulting mass loss was assumed to be water, which later was subtracted from the mixing
water. The solid residues for the AEA, SP and retarder were found to be 6, 25 and 13%,
respectively.
The mixture proportions are shown in Table 1. Every mixture made had a replicate
that was tested without pressurization (see further). The code name of the non-pressurized
samples starts with “NP”. The solubility coefficient of air in water at 1.01 bar (atmospheric
pressure) and 20ºC is 1.85 %v/v (% volume of gas/volume of water) [26]. As the solubility
coefficient varies linearly with barometric conditions [19], 1.84 %v/v was used to
compensate for the local altitude and calculate the theoretical minimum required pressure
(Equation 3) to fully dissolve the air bubbles into the liquid phase of the paste. It should
however be noted that in the evaluated cement pastes, the amount of water was sufficient
to dissolve all air, a condition which may not be valid for concrete.
𝑃 =

𝑃𝐶
𝐶

(3)

where 𝑃 (bar) is the pressure required to achieve a solubility 𝐶 (%v/v), and 𝐶 (%v/v) is
the solubility of air in water at atmospheric pressure 𝑃 (bar). For example, the mixture
P035-A3 requires a pressure, 𝑃 = 7.2 bar to reach a solubility of 13.36 % v/v (67.9 ml of
air/508.2 ml of water * 100), parting from the atmospheric pressure 𝑃 = 0.99 bar and an
air solubility in water of 1.84 %v/v at 20ºC.
Two different mixing procedures and high doses (1.6 - 16 g/kg of cement) of AEA
had to be used in order to achieve different volumes of entrained air. The main mixing
procedure, using a small Hobart N50 mixer, consisted of first adding the water and the
AEA to the mixing bowl, followed by the cement. Next, the mixer was started at speed 1
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(139 rev/min) and the materials were mixed for one minute. Then, the mixer was stopped
for 30 seconds, the mixing bowl was scraped, and the SP was added. Immediately after,
the mixer was turned on at either speed 2 (285 rev/min) for mixtures P035-A2 and P035A3 or speed 1 for all others. After one minute, the retarder was incorporated to the mixture
without stopping the mixer and the paste was mixed for an additional minute.

Table 1. Mixture proportions and measured air contents (units in g/l, unless indicated
otherwise).
Material
w/c (by mass)
Water
Cement
AEA
SP
Retarder
Air (%)
Air (ml)
Overall water (ml)
Pressure for
complete air
dissolution (bar /
105 Pa)

P045A1
0.45
561.5
1264.5
2.023
1.644
5.058
4.6
46.4
569.0

P045A2
0.45
557.6
1264.2
6.068
1.644
5.057
5.9
58.8
568.9

4.4

5.6

Mixture
P045P035A3
A1
0.45
0.35
553.7
490.2
1264.0 1452.9
10.112 11.624
1.643
3.196
5.056
5.812
7.5
4.1
75.0
41.2
568.8
508.5
7.1

4.4

P035A2
0.35
490.2
1452.9
11.624
3.196
5.812
5.9
59.3
508.5

P035A3
0.35
479.0
1452.1
23.233
3.195
5.808
6.8
67.9
508.2

6.3

7.2

2.1.2. Testing Procedures. Self-consolidating consistency was desired to avoid
slippage between the wall of the inner cylinder of the rheometer and the sample, plug-flow,
and entrapment of unquantified air in the rheometer cup when the samples were poured.
Immediately after mixing, the air content was estimated using the procedure specified in
ASTM C185-15a with the exception that the samples were not placed in layers inside the
calibrated measure nor tamped. Two other samples were collected, one for rheological
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analysis and another for the estimation of the air-void size distribution using the AVA3000 apparatus [27]. The rheometer used was an Anton Paar MCR-302 equipped with a
cylindrical pressure cell that encapsulated the inner cylinder (Figure 1). The rotation of the
inner cylinder was driven by a magnetic coupler attached to the rheometer transducer. The
pressure was supplied by a gas tank filled with common air and controlled manually by an
ordinary pressure regulator. The volume of the sample inside the rheometer cup was 22 ml,
which ensured that the inner cylinder wall was always covered even when pressure was
applied. The Peltier control unit kept temperature constant at 20°C throughout the
experiment.

Figure 1. Set-up of rheometer with pressure system in Anton Paar MCR 302.

39
Two testing procedures were used for this project, and are denominated as “A” and
“B” (Figures 2 and 3). The main objective of procedure “A” was to assess the changes in
the rheological properties caused by modifications in applied pressure, while procedure
“B” evaluated the influence of a single pressure step on the rate of air dissolution and
reappearance. Procedure “A” was using a set of prolonged shearing stages at a fixed shear
rate of 100 s−1 combined with 3 flow curves. Apparent viscosity during the prolonged
shearing steps was calculated by dividing the shear stress by the shear rate. The pressure
was supplied in stepwise fashion, starting from atmospheric conditions to ~12 bar.
Although the pressure regulator was adjusted manually, care was taken regarding
supplying the pressure as consistently as possible across all tests. The flow curves were
defined by linearly decreasing the shear rate from 100 to 10 s −1 in 25 s followed by a
logarithmic decrease in shear rate from 10 to 0.01 s −1 during 5 s to obtain a better
approximation of the yield stress. A 6th order polynomial was fitted to the whole data set
conforming each flow curve and differentiated to the shear rate in order to define the
differential viscosity at 50 s−1 [28]. The flow curves captured the rheological properties of
the cement paste at the beginning of the test after structural breakdown (FC-1), under
pressure (FC-2), and right after depressurization (FC-3).
Procedure “B” (Figure 3) was applied only on replicates of mixture P035-A3, and
it imposes uninterrupted shearing at 100, 50, 20, and 10 s −1. Since every shear rate requires
different stabilization times to reach shear stress equilibrium [28], pressurization was not
performed unless the shear stress was considered, visually, sufficiently stable. The pressure
was supplied by opening the inlet valve of the pressure chamber in a single and fast
maneuver exposing the sample from atmospheric conditions to ~4 bar during 2 min.
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Although the pressure regulator was set up to the desired pressure previously to loading
the sample in the pressure chamber, the way pressure built up over time changed randomly
between samples from a single sudden increase to the desired pressure, or a combination
of a sudden increase with a slight further increase in pressure over time. However, there
was not an evident change in the rheometer output attributable to this artifact.

Figure 2. Procedure A contained a constant shear at 100 s -1, with flow curves being
determined before, during and after pressure. Pressure was applied in several stepwise
increments during the pressurization window.

Figure 3. Procedure B imposed a constant shear rate during the test. Different tests had
different constant values of shear rate. Pressure was applied in one single step during
pressurization window.
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3. RESULTS AND DISCUSSION

3.1. CAPILLARY NUMBER
Table 2 shows that most of the air bubbles of the pressurized samples were <500
μm. Considering a constant shear rate of 100 s−1, an apparent viscosity of the suspending
medium as η = 0.15 Pa s for w/c = 0.45 and η = 0.52 Pa s for w/c = 0.35, and assuming the
surface tension of a combination of water-SP-AEA to be 0.040 N/m [29], the capillary
number (Ca) would be <0.19 and 0.645, respectively, for bubbles sizes <500 μm.
Therefore, a large majority of the air bubbles behaved mostly as solid particles and had the
tendency to amplify the rheological properties, similar to solid particles amplifying the
rheology of suspensions [30]. One caution about the results is that the AVA-3000 software
is not designed to measure the air-void distribution of cement paste as it is programed to
stop the measurement automatically after 3 min of not recording significant changes in the
recorded data. As consequence, the smaller bubble size fractions may be underestimated,
however those bubbles are also less susceptible to being deformed.

Table 2. Bubble size distribution (expressed as % passing) for the w/c = 0.35 and 0.45
mixtures, obtained from the AVA 3000.
Size (μm)
1000
500
300
200
150
125
100

P045-A1 P045-A2
100
100
74
72
56
46
37
32
25
19
14
13
0
0

Mixture
P045-A3 P035-A1 P035-A2 P035-A3
100
100
100
100
70
57
79
89
41
33
39
69
30
22
22
49
18
12
9
20
12
0
3
11
4
0
0
0
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3.2. BULK RESPONSE OF THE RHEOLOGICAL PROPERTIES TO PRESSURE
The set of 6 mixtures and their corresponding non-pressurized replicates were
tested using procedure “A”. Table 3 shows a summary of the apparent viscosity recorded
at specific points of procedure “A” for w/c = 0.35 and 0.45. The column “Pressure” shows
the pressure recorded after which the apparent viscosity no longer changed. As it was
expected, the larger the volume of entrained air, the larger the pressure required to achieve
full air dissolution in the liquid phase (see Table 1) [15,16] and the larger the reduction of
the rheological properties [30]. However, the experimental pressure values for which the
rheological properties stabilized are higher than the theoretical ones required to achieve
full dissolution. The w/c = 0.35 mixtures did not fully recover the apparent viscosity
recorded right before the pressurization contrary to the mixtures with w/c = 0.45,
suggesting changes in either air volume or distribution, which is discussed further.

Table 3. Summary of apparent viscosity changes due to pressurization.

Mixture
P045-A1
P045-A2
P045-A3
P035-A1
P035-A2
P035-A3

Apparent viscosity, η
(Pa s)
Pressurization
Before During After
0.172
0.159
0.173
0.176
0.162
0.188
0.166
0.135
0.165
0.567
0.534
0.522
0.549
0.518
0.517
0.563
0.495
0.520

Pressure
(bar)
7.8
8.7
7.9
8.8
9.4
12.8

Figure 4 depicts the typical rheometer output for a pressurized and non-pressurized
sample in terms of relative shear stress vs. time for the w/c = 0.45 mixtures. The relative
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shear stress is defined as “the shear stress at any time t divided by the average shear stress
recorded 10 to 0 s before the pressurization step.” The effect of pressure can be clearly
seen after t = 450 s. When the sample is suddenly pressurized to ~2.8 bar, a gradual
reduction in the shear stress was experienced and was briefly stabilized for few seconds.
When the next pressure step increment was supplied (4.8 bar), a gradual reduction on the
shear stress was recorded once more. Further pressure additions did not provide significant
changes in the rheometer output. The non-pressurized sample did not show any changes in
rheological behavior during the same time period, indicating that the changes in rheology
of the pressurized sample is solely caused by the pressure.

Figure 4. Rheological testing procedure “A” applied on mixture P045-A3. The relative
shear stress equals 1 just before the application of pressure.
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It is well known that the reduction of the (non-deformable) particle concentration
of a suspension leads to a decrease in its rheological properties [30]. Since the only highly
compressible phase present in the sample was air, the reduction in size and its eventual
dissolution into the liquid phase due the pressure increase created a reduction in the bubble
concentration and viscosity decreases. Figure 4 shows that when pressure was released at
t = 736 s, the shear stress or viscosity was recovered to levels close to where it was before
pressurization, as can also be seen in Table 3. Once the cement paste was exposed again to
atmospheric conditions, the air-dissolving capacity of the water was restored to its original
level and the dissolved air nucleated back almost instantly. The dynamic conditions of the
sample during depressurization may accelerate this effect. The performed experiments
cannot tell if the subsequent air nucleation created similar bubble size distributions or
where the air reappeared. However, it is suggested by Dyer [31] that dissolved air will
preferentially reappear in already formed bubbles since it is thermodynamically less energy
consuming than forming a new bubble. As a consequence, a coarser air-void system is
expected to occur after depressurization [15,21]. At the end of the experiment, a thick layer
of coarse foam was always observed on top of the inner cylinder, but only for the
pressurized samples (Figure 5), suggesting that once pressure was released, air bubbles
were formed somewhere in the rheometer cup, expanded due to the pressure decrease, and
traveled to the surface due to buoyancy.
Figure 6 illustrates the response to pressurization/depressurization of mixture P035A3. This mixture showed that at t = 450 s, the pressure was increased from atmospheric
conditions to 3.9 bar leading to a sudden drop, followed by a gradual reduction of the
rheological properties until equilibrium was reached. At t = 510 s the pressure was
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increased to 6.5 bar and a new (but smaller) drop in the shear stress was recorded. Figure
7 shows that the sudden drop of rheological properties was only observed in the mixtures
P035-A2 and P035-A3 and such effect can be related to their finer bubble size distribution
(see Table 2). Part of the mixing process of P035-A2 and P035-A3 was performed at a
higher mixing speed than the other samples. This change in the mixing energy produced a
more refined bubble size distribution. On the other hand, P035-A1 was mixed using the
same procedure as all w/c = 0.45 mixtures. The reduced amount of water combined with
relatively low mixing energy did not permit the incorporation of high volumes of air and
resulted in the coarser bubble size distribution of all the mixtures tested. Since for mixtures
P035-A2 and P035-A3, the concentration of small bubbles was larger than in the others, a
small increase in pressure leads to the rapid dissolution of an important fraction of the airvoid system. The internal air pressure due to surface tension is inversely proportional to
the diameter of the bubble [15,19,21]. The solubility of air depends on the partial pressure
surrounding the bubble, the small bubbles are the first ones to dissolve because their
internal pressure is higher and any further increase in pressure will increase the degree of
air under-saturation of water, promoting air diffusion from the bubbles [21]. In addition,
small bubbles have larger specific surface, which accelerates the dissolution process [16].
Therefore, the rheological properties decrease consistently with the principle of particle
concentration of suspensions as the air dissolves [30]. Figure 6 also shows that once the
pressure was released, the rheological properties were not fully restored as was the case of
the w/c = 0.45 mixtures, at least not within the remaining part of the test. This behavior
was observed in all pressurized w/c = 0.35 samples. The lack of reestablishment of the
rheological properties suggests a change in air volume and/or distribution.
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Figure 5. The pressurization/depressurization of the samples yielded a substantial volume
of foam on top of the inner cylinder of the pressure cell. Picture taken after removing the
inner cylinder from the pressure cell.

Figure 6. Rheological testing procedure “A” applied on mixture P035-A3.
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Figure 7. Comparison of the relative shear stress response to pressurization over time of
w/c = 0.45 (left) and w/c = 0.35 (right) mixtures. Pressure steps are not shown.

3.3. FLOW CURVES
Since every mixture design tested was different in terms of AEA dose and air
content, small changes in workability were observed between samples. Therefore, the preshear performed during the first 240 s of the testing procedure “A” was insufficient to
achieve shear stress equilibrium. Nevertheless, the pressurization of the samples was
performed under equilibrium conditions ensuring that any major change in the rheometer
output was induced by pressure changes only. The changes in yield stress were too small
to derive any conclusions. Figure 8 depicts the behavior of the differential viscosity of the
flow curves. When w/c = 0.45 mixtures were pressurized, the reduction in differential
viscosity was increased with a higher initial air content, and the viscosity fully recovered
once the pressure was released. The case of the mixtures prepared with w/c = 0.35 followed
a similar trend but the differential viscosity was not fully recovered after subjecting the
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system to atmospheric conditions. The results on differential viscosity followed the
observations for the apparent viscosity.

Figure 8. Differential viscosity at 50 s-1. Mixtures with w/c = 0.45 are plotted on the left
axis, those with w/c = 0.35 on the right axis.

3.4. RATE OF AIR DISSOLUTION AND REAPPEARANCE
For this testing series, replicates of mixture P0.35-A3, all containing ~7% air by
volume, were evaluated according to procedure B. The samples were exposed to a constant
shear rate (100, 50, 20 or 10 s−1), and were subjected to a sudden increase in pressure of ~4
bar, which was maintained for 2 min. A pre-shear period was applied on all samples in an
attempt to reach equilibrium. Although visually, the shear stress appeared to be in
equilibrium during the tests, analysis has shown this was not the case. As such, to eliminate
the effect of structural breakdown, the shear stress-time curve before pressurization was
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fitted with a double exponentially decreasing function (Equation 4), adequately capturing
the behavior (Figure 9)
𝜏 = 𝐴 ∗ 𝑒(

)

+ 𝐶 ∗ 𝑒(

)

+𝐸

(4)

where 𝜏 is shear stress (Pa), 𝑡 is time (s) and, A, B, C, D and E are fitting constants. Then,
the data of the pressurization stage at each shear rate were normalized point by point using
the extrapolated fitted function. Figures 10-13 show the influence of the shear rate on the
shear stress response caused by air dissolution at 100, 50, 20 and 10 s -1. At 100 s−1 the
changes in the rheological properties of the sample occur immediately and a small recovery
hump followed again by a slight reduction and further stabilization of the rheological
properties can be seen during the pressurization stage. When pressure is relieved, the
rheological properties are partially restored after 6 s. At 50 s−1, the same behavior can be
seen but this time the instantaneous reduction on the shear stress was higher than the
observed at 100 s−1 and, once the mixture got depressurized the shear stress partially
recovered in ~2 s and stayed relatively constant for the rest of the test. At 20 and 10 s −1,
there is an abrupt drop in the rheological properties as well, with the main difference that
the recovery hump that happens immediately after pressurizing the system is broader and
takes ~40 s to get stable. Once that the pressure is released, it takes only a few seconds to
fully recover the initial relative shear stress but immediately after this it starts decreasing
again.
From the results in Figures 10-13, it can be concluded that air is dissolved almost
instantaneously after application of the pressure, regardless of the applied shear rate.
However, as the evolution over time of rheological properties due to pressure application
was different for mixtures P0.35-A2 and P0.35-A3 compared to the others (compare Figure
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4, 6), it is believed that bubble size and shear rate will play an important role on air
dissolution. This is also clear in Figure 7, as only P0.35-A2 and A3 showed a sudden
decrease in relative shear stress, while all others showed a gradual decrease with time. As
mentioned before, smaller air bubbles dissolve quickly, regardless of the applied shear rate.
The larger air bubbles dissolve more slowly, and that process may be influenced by the
applied shear rate. An explanation for the recovery of relative shear stress under pressure
has not been found yet.
For the mixtures in Figures 10-13, the recovery of relative shear stress is immediate
after depressurization, and for the low shear rates (20 and 10 s −1), the relative shear stress
is fully recovered. At higher shear rates, the relative shear stress is not equal to 1 after
depressurization, which may have several causes. This could indicate (1) an immediate air
loss, (2) part of the air remains dissolved, or (3) the air-void system coarsens, creating
larger air bubbles. The first hypothesis cannot be excluded. The second hypothesis seems
unlikely, as at low shear, all air reappears. There are no physical reasons why all air would
not reappear at higher shear rate, as on the contrary, increasing the shear rate should
accelerate air reappearance. Hypothesis 3 is also possible. For the mixtures with w/c = 0.35,
Ca starts to be close to 1, especially for the larger bubbles. This means that the deformation
behavior of the air bubbles is uncertain [31]. However, as air is assumed to reappear in
existing bubbles at depressurization, the average bubble size increases, increasing the
average Ca. As Ca is also proportional to the applied shear rate, increasing the bubble size
could yield a lower amount of non-deformable air bubbles at high shear rates (50 and 100
s−1), while this would not be observed at low shear rates (10 and 20 s −1). More research is
needed to verify these hypotheses. Furthermore, all samples show a lower relative shear
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stress at and beyond 30 s after depressurization, indicating that air is escaping from the
sample (see Figure 5).

Figure 9. A double exponential approach based on data prior to pressurization was
implemented to define a baseline for normalization.

Figure 10. Rate of air dissolution and reappearance at a shear rate of 100 s-1.
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Figure 11. Rate of air dissolution and reappearance at a shear rate of 50 s-1.

Figure 12. Rate of air dissolution and reappearance at a shear rate of 20 s-1.
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Figure 13. Rate of air dissolution and reappearance at a shear rate of 10 s-1.

4. CONCLUSIONS

Applying pressure on air-entrained cement paste samples causes the shear stress or
apparent viscosity at fixed shear rate to decrease. This decrease is attributed to the decrease
in entrained air, which, based on the low capillary number, mainly remains non-deformed
during the executed tests. Similarly, the differential viscosity of flow curves determined
during pressurization decreases compared to the flow curves determined before the
pressure step.
Increases in pressure beyond the initial pressure step cause a further decrease in
viscosity, until a threshold pressure, above which all air is assumed to be dissolved in the
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water of the cement paste. This threshold pressure is dependent on the amount of air in the
sample, according to Henry's law.
The shear stress or apparent viscosity of a mixture decreases either gradually or
suddenly when applying the pressure. This difference in behavior is attributed to the size
distribution of the air bubbles, as the mixtures with smaller air bubbles showed a sudden
decrease in viscosity, while those with larger bubbles showed a more gradual decrease. The
sudden decrease in viscosity seems to be independent of the applied shear rate.
At low shear rate, the shear stress is fully recovered in a short time after releasing
the pressure, indicating that all air has reappeared almost instantly. At higher shear rates,
the shear stress is not fully recovered at depressurization, which can be either attributed to
an immediate loss of air, or to a coarsening of the air-void system, rendering less air bubbles
non-deformable at the applied shear rates. With further shearing after depressurization, the
shear stress decreases with time, which is assumed to be caused by a loss of air bubbles.
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ABSTRACT

The air-void system of concrete is of paramount importance to ensure freeze-thaw
durability. The air-void system of recently-mixed concrete needs to be handled with care
to avoid lossing the air bubbles which will protect the concrete in cold environments.
Pumping is a concrete placing technique that has been known for more than 30 years to
induce detrimental changes in the air-void system. This research work investigates the
influence of the shear rate and bubble size distribution on the measured changes of the
rheological properties of cement paste of self-consolidating consistency under pressure.
Steady-state shear rheology at different shear rates was applied to cement paste samples of
different bubble size distributions but similar air contents. In addition, oscillatory
measurements were used to try to characterize the air dissolution rate in cement paste. The
Capillary number of the bubble size distributions was taken into account to ensure that the
deformation of the bubbles under shear was minimal, so most of the rheometer output at
the moment of pressurization and depressurization is mainly attributed to the effect of
pressure on the dissolution and reappearance of the air bubbles. It was found that the effect
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of pressure on the relative viscosity of the mixtures highly depends on the shear rate and
the bubble size distribution. The tests performed with oscillatory shear measurements were
not successful as the disturbances caused by pressurization are of larger magnitude than
the shear strain imposed.

1. INTRODUCTION

The air void system of concrete can be composed by entrapped and entrained air.
Every concrete mixed by conventional means will always include certain volume of
entrapped air. The kneading and shearing action of concrete mixers causes the material to
fold over itself, entrapping little volumes of air in the process [1]. Most of this entrapped
air is lost during the handling and consolidation of concrete, which helps to improve the
overall quality of concrete [2]. The entrained air is also formed during mixing but
intentionally stabilized by Air Entraining Admixtures (AEA). AEA are surfactants formed
by hydrophilic and hydrophobic groups that help the formation of many microscopic air
bubbles while keeping them from coalescing [3]. If these bubbles are sufficiently small and
close of each other, the durability of concrete exposed to freezing temperatures is
significantly enhanced [4]. The AEA stabilize the air void system of concrete after mixing
is completed, however, it is still sensitive to handling, placing, consolidating and finishing
tasks [5]. There are many guidelines and recommendations for minimizing the risk of
compromising the air void system during placing, but one of the hardest to predict are the
changes induced by pumping [5-16]. Leaving aside that air bubbles can be permanently
lost during pumping operations as consequence of exaggerated drop heights, several
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authors have linked the fluctuations of the air content after pumping to Henry’s law [6, 911]: if a gas is in contact with a liquid, the amount of gas that will dissolve is proportional
to the partial pressure of the gas [17]. Air has a solubility coefficient in water of 1.85% v/v
(% volume of gas/volume of water) at 20° C and at sea level, and it is directly proportional
to pressure. It is worth to mention that the air void system of fresh concrete is intrinsically
unstable because the surface tension of the liquid phase compresses the air inside the
bubbles, which increases their internal pressure inversely proportional to their size [8, 18].
Consequently, the solubility coefficient of air in water increases around the bubbles and
the mass transfer between the air-liquid interface continues until the surrounding liquid
gets saturated with dissolved air [6, 8]. This creates a concentration gradient in the liquid
and the dissolution rate is deaccelerated. If two bubbles of significantly different sizes are
close enough, some air of the smaller bubble may be transferred to the larger one as its
internal pressure is lower, accelerating the dissolution rate of the small one as it tries to
keep its surrounding liquid saturated with air [19]. Eventually, the size of the resulting air
voids stabilizes as the cementitious matrix hardens [18].
When concrete is pressurized by the pump action, the capacity of water for bearing
dissolved air increases abruptly and the air bubbles get dissolved almost immediately in
the surrounding liquid [8, 9] (given there is enough water available, or the pressure is
sufficiently high). Once concrete is depressurized in between pump strokes or as it
approaches to the end of the pipeline, some air may be released from solution to reform the
air void system [6]. It is believed that dissolved air will reappear in already-formed bubbles
when these are available because it is less energy-consuming than forming a new bubble
[6, 8, 9]. Such mechanism would lead consistently to coarser air systems, provided that
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small air bubbles dissolve first, because their higher internal pressure while large bubbles
may take relatively longer to completely dissolve. This hypothesis was proven to some
extent in 1991 by [6]. Their experiments consisted on pressurizing air-entrained concrete
samples from the same batch at different pressures and pressurization time. The results
showed that the higher the pressure and the longer the pressurization time, the coarser the
resulting air void system. However, changes in the air content and air void system
parameters of pumped concrete are rather unpredictable, especially for highly workable
concrete (HWC). The relative low yield stress of HWC allows the formation of a shearing
zone between the lubrication layer and the plug-flow zone when pumped [20, 21], reaching
shear rates in the range of 30-60 s-1 [22]. The extra shearing in the pump’s pipeline is
believed to be the responsible of changes in the workability and air void system [7]. It has
been demonstrated on simpler systems that the shear rate has influence on the dissolution
rate of air bubbles in a liquid. When the suspended air bubbles are in shear flow, the airsaturated liquid surrounding the bubble is moved and replenished with less-saturated water
[23]. As such, air can be transferred more quickly from the bubble to the newly unsaturated
liquid around it. The scenario is far more complex for pumped HWC, because the pressure
is exerted in pulse-like fashion as the pump pistons alternate their strokes, and it is
constantly reduced over the length of the pipeline until reaching atmospheric conditions at
the exit, and rheological properties of the material may change as consequence of the
shearing experienced [7], which also impacts the portion of material sheared to some
extent. The shear rate also influences the nucleation and further growth of bubbles. The
results from [24] shown that for air-saturated viscous solutions of polyisobutylene, the
pressure decrease was not enough to initiate the nucleation of bubbles despite the
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supersaturation conditions of the solution, but under shear flow the bubbles reappeared and
increased their volume faster as the test was run at increasing shear rates.
Therefore, the unpredictability of the changes on the air-void system due to
pumping may rely on the simultaneous combination of many variables like: maximum
pressure, pressurization and shearing time, number of pressure shocks, shear rate in the
pipe, dissolution rate, reappearance rate, permeability of the bubble shell (which depends
on the type and dosage of AEA), bubble sizes, ambient/concrete temperature, air void
system variability from batch-to-batch and more. Furthermore, the air void system of fresh
concrete will differ from its hardened version, entangling the effect of pumping with the
inherent instability of the air void system in fresh state. Thus, to tackle this problem
experimentally on full-size pumping experiments is extremely difficult due to the lack of
control over many of these variables on field or even laboratory conditions. From a
rheological standpoint, air bubbles behave as “solid particles” if the hydrodynamic forces
acting on their surface are low enough to not overcome the surface tension of the bubble
film. This ratio is known in literature as Capillary number (Ca). When the Ca>>1 the air
bubbles cannot hold their spherical shape and stretch in the direction of the flow, reducing
the apparent viscosity of the suspension [25]. The effect of the dissolution of air bubbles
during pressurization is analog to a reduction of the concentration of a suspension if the
bubbles remain spherical for Ca<<1, which leads to lower rheological properties [26].
Hence, the rate of change of the rheology of cement paste is an indirect measurement of
the dissolution/reappearance of the air bubbles.
This research work does not attempt to completely solve the presented issue but
adds to the existing literature related to this incognita approaching the problem using a
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rheometer equipped with a pressure cell, which allows the isolation of the effects of
variables like air content and bubble size distribution. The experimental set-up does not
fully resemble the dynamic nature of pumping, but it tracks the changes in the rheological
properties of cement paste induced by pressurization and shearing, controlling temperature,
pressure, shear rate and shear time.

2. EXPERIMENTAL PROGRAM

2.1. MATERIALS AND METHODS
2.1.1. Materials and Mix Design. Ordinary Portland Cement type I was used for
all paste mixtures presented in this paper. The density was 3160 kg/m 3 as measured with a
gas pycnometer using nitrogen as displaced gas. No other cementitious materials were
included. The type of admixtures used were: AEA, superplasticizer (SP), and retarder
(RET) and their relevant physical properties are in Table 1. Their density and solid residue
were determined following the ASTM C494/C494M-17 methods. Table 1 also shows the
base mix design tested. The mixtures were designed with a water-to-cement ratio (by mass)
of 0.35 and replicated numerous times to perform all the tests reported. The mixing water
considered the evaporable mass of the admixtures as part of the w/c and available for
carrying dissolved air. Since the real air content can only be known after mixing, for mix
design purposes 3% of air was considered as part of the absolute volume. The dosage of
superplasticizer was fixed to 1.3 ml/kg of cement and the consistency of the mixture was
let to change as it depended on the volume of entrained air after mixing.
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Table 1. Base mixture composition.
Material
Water
Cement
AEA
SP
RET

Mass
(g)
481.4
1449.0
23.2
2.0
5.8

Density Solid residue
(kg/m3)
(%)
1000
3160
1010
15.7
1050
29.5
1120
18.0

During concrete production, the AEA is commonly pre-mixed with the aggregates
and the absorption water before incorporating the rest of ingredients to the mixer. The
aggregates in concrete and mortar ease the air entrainment process by helping the
stabilization and refinement of the air void system during the mixing process [1]. In
addition, the presence of aggregates amplifies the rheological properties of the suspending
medium [27, 28], hindering the rise and subsequent escape of the entrained air bubbles. To
entrain large volumes of air in a self-consolidating cement paste is a challenge because the
relatively low viscosity of cement paste and lack of aggregates do not prevent the bubbles
from escaping the mixture under shearing conditions [29]. To increase the viscosity of the
mixture to slow down the escape of the air bubbles would seem to be the logic solution,
but excessively high viscosity is detrimental for the formation of bubbles [30] and could
lead to the deformation of the air bubbles under shear flow and/or “wall-slip” during the
rheological measurements, compromising or completely invalidating the results.
Therefore, a balance between retaining the bubbles in the suspension and being able to test
the cement paste with the rheometer had to be found.
A standard Hobart N50 mixer was used to produce all the mixtures. Two mixing
procedures, M1 and M2, were followed attempting to produce different bubble size
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distributions. First, the water was added followed by the AEA and the cement. The mixer
was turned on with the speed selector set on the first gear (138 rpm) to mix the ingredients
for one minute. Then, the mixer was turned off and the sides and bottom of the mixing
bowl were scraped for 30 seconds, the SP was added right before the mixer was turned
back on at either speed 1 (M1) or 2 (M2) depending on the mixing protocol to follow. The
SP was mixed for one minute and followed by addition of the retarder. Lastly, the sample
was let to mix for two extra minutes and the mixer was stopped. The total mixing time was
4.5 minutes. To ease the tracking of the mixtures tested, the nomenclature contains the type
of mixing protocol (M1 or M2), shear rate applied, a sequential character to distinguish
between replications, and lastly an indication if the sample was tested after being recovered
(R) from the pressure cell. For example, “M2-100-2(R)” means that the mix was produced
with the mixing protocol M2, tested at 100 s-1, it’s the second replication and it was
recovered from the pressure cell for testing it with the AVA.
2.1.2. Workability and Initial Air Content. The workability of the mixture was
initially characterized by its mini-slump flow. The slump mold used for this task is
described in ASTM C1473. The sample was poured directly in the mold without any sort
of consolidation and any excess of paste from the top of the mold was struck-off with a
spatula. The cone was lifted in one single vertical movement and the cement paste was let
to flow freely. Once the flow ceased, the spread of the mix was measured twice, each
measurement perpendicular to the other.
The initial air content was measured using the gravimetric approach. A 400 ml brass
cup was filled with cement paste in one single lift, and the excess of cement paste was
struck-off from the top of the cup. The net weight was recorded and used for calculating
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the density of the mixture. The theoretical air-free density was calculated from the mix
design and used for estimating the air content of the sample.
2.1.3. Bubble Size Distribution. The bubble size distribution was measured with
the “Air Void Analyzer AVA-3000” (AVA), which is a commercially available device that
consists of a temperature-controlled water column with a submerged pan connected to a
scale at the top end of the column. The water column has at the bottom 200 ml of “release
liquid”, a hydrophilic solution of known viscosity which prevents the coalescence of the
bubbles and slows their sudden rise. 20 ml of cement paste are introduced to the bottom of
the water column and blended gently with the release liquid with the help a magnetic stirrer
placed at the bottom of the column. The device works under Stake’s law for bubble rise
velocity. The device records the rate of change of apparent mass of the pan located at the
top as the bubbles rise and collect under it. The software of the AVA links the change of
mass of the pan with the arrival time of bubbles of certain size and computes the bubble
size distribution.
An estimation of the air present in the rheometer sample was done using the AVA
sample, as both samples experienced similar manipulation before transferring them to their
respective devices. The AVA’s submerged pan collects most of the air bubbles and tracks
the cumulative weight change over the course of the test, therefore the total weight recorded
(AVA-WPan) roughly corresponds to the displaced volume of water. The AVA’s sample
volume is 20 ml for fresh samples, and 16 ml for samples recovered from the rheometer
after being pressurized. Thus, the volume of displaced water under the pan at the end of
the test can be used to estimate the percentage of air present in the sample. As expected,
the estimated volume of air calculated from the AVA’s sample (AVA-Air), was lower than
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the air measured with the gravimetric procedure. However, the AVA’s results take from
15 to 25 minutes to be ready. Hence, the air content as measured by the gravimetric
procedure was used to calculate the pressure needed to ensure full dissolution as both tests
(AVA and rheology) were done in parallel and pressurization had to be done before the
AVA results were available.
2.1.4. Rheology. The rheometer used is an Anton Paar MCR-302 equipped with a
pressure cell able to hold up to 400 bar. The pressure cell enclosed a concentric cylinders
geometry. Two types of inner cylinders of identical dimensions were used: one with
serrated wall and the other with a smooth wall surface. The serrated cylinder was used to
improve the contact of the sample with its surface and prevent slippage. Both inner
cylinders had a radius and wall height equal to 16.6 mm and 40.0 mm, respectively. The
pressure vessel encloses the outer cylinder, which had an inner radius of 18.0 mm. The
sample size consisted of 20 ml of cement paste and was carefully loaded in the pressure
cell using an open mouth syringe. The top part of the pressure cell encloses a set of magnets
that transfer the torque of the inner cylinder to the rheometer’s load cell by a magnetic
coupler located on the exterior. The pressure is supplied pneumatically by an external gas
tank containing common air. The rheometer only records the pressure supplied; it does not
regulate it. Unfortunately, pressure had to be controlled manually by operating an ordinary
pressure regulator rated for 400 bar, which made it more difficult to hit the same pressure
values every time. The experimental set-up is depicted in Figure 1.
Two types of tests were conducted: steady-state and oscillatory shear rheology. The
steady-state tests were performed at a single constant shear rate per sample, either 100 or
20 s-1. The same sample cannot be subjected to several pressurization tests as it gets
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segregated after the pressure is released. The duration of the test depended mainly in the
time that the apparent viscosity of the sample would take to reach equilibrium under the
imposed shear. Once the apparent viscosity was visually within equilibrium conditions, the
pressurization of the sample was applied in a single step for a minimum time of 120 s or
until new equilibrium was reached. There were few cases where the pressure regulator
knob needed a second adjustment because the initial pressure was lower than required.
Figure 2 shows the typical response of the evaluated samples to pressurization.

Pressure
regulator

Magnetic
coupler

Pressure
sensor

Pressure
cell
Pressure
intake

Figure 1. Pressure cell mounted in the Anton Paar MCR-302 rheometer.

As expected, every mixture shown slightly different rheological properties as they
differ in their mixing procedure, air content, workability, and applied shear rate. In order
to compare the effect of pressure on rheology, the apparent viscosity was normalized using
the average of the last 10 seconds before pressurization. The changes in the apparent
viscosity are expressed relative to the apparent viscosity under equilibrium conditions and
are comparable among mixtures. However, the time scale used to present all data is relative
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to the pressurization time, not the total testing time, and starts at t = -20 s to show the
equilibrium condition.
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Figure 2. Effect of pressure on air entrained cement paste apparent viscosity under
steady-state conditions. The depicted example corresponds to M1-100-1.

The oscillatory shear rheological test was performed on a single sample prepared
with the M2 mixing protocol. Several unsuccessful trials were performed as it appears that
the ability of the rheometer for oscillating the inner cylinder at small amplitudes through
the magnetic coupler is not as good as in other conventional test geometries. In addition,
the pressure inlet valve is connected to the pressure cell through a rigid tube. Therefore,
any vibration or twisting movement of the pressure inlet valve is transmitted to the body
of the pressure cell and caused disturbance in the data. The testing protocol was designed
to detect the change in elastic behavior of the sample induced by pressure. The strain
amplitude was kept constant at 0.01 and the frequency set to 1 Hz.

70
3. RESULTS AND DISCUSSION

3.1. FRESH CEMENT PASTE PROPERTIES
The fresh cement paste properties: slump flow and air content, were recorded
immediately after mixing and can be seen in Table 2. The slump flow was, on average, 282
mm with an approximate variation of ± 20 mm. The initial air content shows that the mixing
protocol M2 can entrain slightly larger air volumes than M1. The air content was used to
calculate the concentration of air per volume of water in the mixture (Va/Vw). The
theoretical minimum pressure (PMin) required to achieve full dissolution of the volume of
air was also calculated and compared with the pressure supplied to the pressure cell (P cell).
As mentioned previously, the solubility coefficient of air in water at 20° C and 1.013 bar
is 1.85% Va/Vv. Henry’s Law states that at constant temperature, the solubility of a gas in
a liquid increases proportionally with pressure [17]. Therefore, at constant temperature, if
pressure increases twice, the solubility of a gas in liquid is doubled as well. Assuming that
the mixing water is in equilibrium in terms of dissolved air, it has a concentration of 1.85%
of dissolved air per unit volume of water. If a concentration of 10.1% Va/Vw needs to be
dissolved (as is the case for the mix M2-100-1), pressure must be increased to 5.5 bar.
It is important to consider that the air content measured gravimetrically is most
likely not the same by the time the sample is transferred into the pressure cell due to
unavoidable vibration during the transportation of the sample. The SCC-like consistency
of the cement paste is not the most desirable in terms of its capacity for stabilizing air
bubbles, as buoyancy forces exerted on relatively large bubbles can be sufficient to remove
them from the mixture, especially under dynamic conditions were there is little inter-
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particle structuration to keep them from rising. However, the SCC-like consistency is
necessary to ensure the reliability of the rheological measurements with the given
instrument and prevent the entrapment of unquantified air in the pressure cell.

Table 2. Fresh state properties of the tested samples.
Mix
M2-100-1

Slump
Max VAir
Air Va/Vw PMin Pcell
flow
dissolved
(%)
(%)
(bar) (bar)
(mm)
(%)
295 5.1
10.1
5.5
4.9
90

AVAWPan
(g)
0.86

AVAAir
(%)
4.3

M2-50-1

283

4.9

9.6

5.2

4.9

94

0.87

4.4

M2-20-1

278

4.9

9.4

5.1

4.6

91

0.82

4.1

M2-10-1

290

5.3

10.4

5.6

3.9

69

0.73

3.7

M1-100-1

274

4.5

9.0

4.9

6.2

100

0.73

3.7

0.15

0.9

0.85

4.3

0.44

2.8

0.60

3.0

0.14

0.9

0.94

4.7

0.56

3.5

M1-100-1(R)
M2-100-2

270

5.7

11.2

6.1

6.4

100

M2-100-2(R)
M1-20-1

288

5.0

10.6

5.7

6.1

100

M1-20-1(R)
M2-20-2

279

5.8

11.4

M2-20-2(R)

6.2

6.3

100

3.2. BUBBLE SIZE DISTRIBUTION
Table 3 shows that mixing procedure M2 can deliver substantially different bubble
size distributions. Only mixtures M2-100-1 and M2-10-1 are relatively similar while M220-1 is considerable finer. The bubble size distribution of the two mixtures created with
mixing procedure M1 are not necessarily coarser than those mixed with the procedure M2.
While M1-100-1 is substantially coarser than M2-100-2, there is not that much difference
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between M1-20-1 and M2-20-1. As a matter of fact, M1-20-1 is finer than M2-20-1. This
implies that extra shearing imposed by the mixer at speed 2 is not strong enough to provide
the desired bubble size refinement. However, the ultimate purpose of mixing with two
different protocols is still achieved since different bubble size distributions were obtained.
The samples that were recovered from the pressure cell after testing and pressurizing with
the rheometer show that the bubble sizes became substantially coarser, which agrees with
the existent literature [5, 6, 8-10]. It is interesting to note that the samples that were sheared
at 100 s-1 were affected the most by the pressurization when compared to those sheared at
20 s-1, especially in the size fraction of bubbles smaller than 200 μm.

Table 3. Bubble size distribution. The last four rows show the bubble size distribution
after pressurization and shear in the rheometer.

Mix

2000

Bubble size (μm)
1000 500 300 200 150
Passing (%)
98.9 65.5 38.1 20.9 9.2

125

100

2.4

0.0

M2-100-1

100.0

M2-50-1

100.0

98.0 54.9 25.5

0.0

0.0

M2-20-1

100.0

99.7 75.4 55.0 38.0 19.3 10.2

0.0

M2-10-1

100.0 100.0 70.1 41.4 25.4

8.5

0.0

0.0

M1-100-1

100.0

2.8

0.0

0.0

M2-100-2

100.0 100.0 68.7 44.9 28.8 16.6

2.4

0.0

M1-20-1

100.0 100.0 64.7 41.9 27.6 16.0

7.6

0.0

M2-20-2

100.0 100.0 60.4 34.2 18.1

7.1

4.3

0.0

9.3

78.6 42.5 26.1 14.8

0.0

M1-100-1(R) 100.0

81.9 30.3 12.3

0.0

0.0

0.0

0.0

M2-100-2(R) 100.0

94.8 32.1 15.8 10.2

4.2

0.0

0.0

M1-20-1(R)

100.0

89.7 55.7 32.4 15.2 12.9

0.0

0.0

M2-20-2(R)

100.0

91.6 48.3 27.0 18.2

2.3

0.0

4.2
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3.3. EFFECT OF THE APPLIED SHEAR RATE AND BUBBLE SIZE
DISTRIBUTION ON THE APPARENT VISCOSITY OF PRESSURIZED
CEMENT PASTE
In previous research, the behavior of the rheological properties of air-entrained
cement paste showed two distinctive patterns when pressurized. As soon as the pressure
increases, the apparent viscosity can either decrease suddenly or gradually [31]. A decrease
in apparent viscosity is observed as the Ca-number for most of the air bubbles in the
mixtures is lower than 1. As such, when air dissolves, an equivalent volume of nondeformable bubbles are removed, reducing viscosity.

These patterns seemed to be

dependent on the bubble size distribution and independent of the shear rates applied. To
confirm this behavior, four replicates of the same mixture were prepared and pressurized
under constant shear. It is worth to mention that an AEA with different chemical
composition from the one in [31] is used in this study. The current AEA is somewhat less
efficient in terms of the maximum air volume that can be entrained and yields coarser
bubble size distributions. From Figure 3a and Figure 3c, the characteristic sudden drop in
the relative viscosity when the sample is pressurized can be noted regardless of the applied
shear rate. However, the relative viscosity in Figure 3b experiences a gradual decrease after
the sudden drop caused by pressurization. This behavior is attributed to the gradual
dissolution of relatively coarser air bubbles, as these would take relatively longer time to
transfer its mass to the interstitial water. From all cases depicted in Figure 3, M2-50-1 is
the mixture with the coarser bubble size distribution. On the contrary, M2-20-1 is the
sample with the finer bubble size distribution of all mixtures tested in this research work,
and its drop in the relative viscosity is the sharpest among them. Figure 3d is hard to
interpret due to the data scattering. The custom-made serrated inner cylinder was not
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fabricated from a single piece of stainless steel, the center of the coupling shaft had a
miniscule offset with respect to the center of the measuring cylinder that caused some
wobbling almost imperceptible for the naked eye. Since the rheometer is more sensitive at
lower shear rates, the bob’s imperfection may have been more noticeable. Mixture M2-101 had a similar bubble size distribution to M2-100-1, but the reduction of its relative
viscosity shows an overall gradual reduction over the pressurization time. This may be
related to the slower dissolution of the air bubbles as the surrounding layer of water is
refreshed slowly compared to the sample sheared at 100 s -1. All samples tested in this set
of experiments had very similar air contents, but, although not intended, different bubble
size distributions. Nevertheless, the relative drop in the rheometer response seems to be
influenced by the shear rate: the slower the sample is sheared, the larger the drop in the
relative viscosity. The relative viscosity reaches its equilibrium level once that there are
not more inter-particle connections that can be broken at the imposed shear rate [32]. When
the sample is exposed to a pressure shock, the sudden compression and dissolution of the
air bubbles reduce the overall volume of the sample forcing it to flow vertically. The rate
of volume reduction would then depend on the air content, the rate of dissolution of air at
a given shear rate and pressure, the bubble size distribution and the pressure gradient
caused by pressurization. Since higher shear rates have the potential of breaking a larger
number of inter-particle connections than lower ones, the vertical flow will have less
connections to break when a high shear rate is imposed compared to a lower shear rate,
hence the reduction in viscosity is relatively less. This hypothesis can be valid only if the
shear rate caused by the vertical flow is larger than the imposed shear rate. Thus, further
research must be done in this regard.
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To further explore the effect of the bubble size distribution on the changes in the
apparent viscosity induced by pressure, a similar experiment was performed with another
set of four mixtures, with the main difference that only two shear rates were evaluated on
samples produced with the M1 and M2 mixing protocols. Moreover, the pressurized
samples were recovered from the pressure cell for analyzing their post-pressurization
bubble size distribution. As can be seen in Table 3, the different mixing protocols were not
able to produce consistent bubble size distributions. However, it is irrelevant which mixing
procedure induces the finer bubble size distribution if two significantly different size
distributions can be compared at the same shear rate, or similar distributions can be
compared at different shear rates.

Figure 3. Effect of the applied shear rate and pressure on the rate of change of the relative
viscosity of air-entrained self-consolidating cement paste.
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Mixture M2-100-2 (Figure 4a) shows that the sharp drop attributed to the fast
dissolution of the finer bubbles is consistent at high shear rate (100 s -1), it took less to 1 s
to stabilize at 88% of its reference value. When the pressure was released, the relative
viscosity got partially recovered to up 95% of its initial value in about 10 s, but
characteristic is the quick recovery of the majority of the apparent viscosity within 1 s.
Mixture M2-20-2 has a coarser bubble size distribution when compared to M2-100-2,
especially in the range of 300-150 μm. Despite the data scattering observed in Figure 4b,
it can be seen that the relative viscosity dropped to 84% in less than 0.5 s and was followed
by a gradual reduction from 84% to 71% for the next 60 s until it reached equilibrium.
Once mixture M2-20-2 got depressurized, there was an instant gain in the relative viscosity
to approximately from 71 to 77% followed by a gradual partial recovery of approximately
91% in the next 20 seconds after depressurization.
Mixture M1-100-1 (Figure 4c) is the one with the coarser bubble size distribution
in this set of experiments. Indeed, coarser bubbles take longer to dissolve. When the sample
is pressurized, the relative viscosity takes about 6 s to stabilize at approximately 86% of its
original value. Right after the depressurization takes place, the relative viscosity requires
about 15 s to reach its maximum recovery at 91% of original value, but again a majority of
the apparent viscosity is regained almost instantly.
Mixture M1-20-1 turned to be very similar to M2-100-2 in terms of their bubble
size distribution, although with different air contents. Figure 4d shows that regardless of
the relatively fine bubble size distribution of mixture M1-20-1, the relative viscosity
dropped to 93% in 1 s, followed by gradual reduction that took 190 s to get stabilized at
77%. The recovery of the relative viscosity after depressurization lasted about 9 s, reaching
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a maximum of 93% to start decreasing again. If the samples M2-100-2 (Figure 4a) and M120-1 (Figure 4d) are compared, the influence of the shear rate in the air dissolution and
reappearance becomes evident. The mixture sheared at 100 s -1 experiences a much shorter
dissolution process while the mixture sheared at 20 s -1 requires more time to reach
equilibrium. This effect is similar to the one observed in [23] and supports the hypothesis
that higher shear rates refresh the air saturated water surrounding the air bubbles faster with
water that has a lower degree of air saturation than slower ones. The samples M2-100-1
(Figure 3a) and M2-10-1 (Figure 3d) also shared similar bubble size distributions, but the
contribution of the shear rate is not clear due to the scattering of the data recorded in the
M2-10-1 test.
In all presented cases of Figure 3 and Figure 4 there is a sudden increase in the
relative viscosity ensuing depressurization followed by a gradual slight recover. Contrary
to the results shown in [31], none of the samples reached a relative viscosity of 1. Assuming
that all air, or most of it, reappears instantaneously given the shear rates applied, there are
two possible reasons for this effect:1) there is permanent air loss as it escapes after
depressurization, as verified visually in the form of foam on top of the inner cylinder after
testing, 2) the bubbles that reappear are larger and reduce the Ca leading to more
deformable bubbles, thus decreasing the relative viscosity as these stretch in direction of
the flow, or both. Table 2 shows that the samples experienced air losses, which in fact
reduces the concentration of particles in suspension and leads to lower rheological
properties after depressurization [26]. Regarding the increase in the Ca, the bubble size
distribution expressed as “percentage passing”, can be easily reverted to the “individual
percent retained” for each size category. Assuming that the surface tension of the bubbles
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is 0.04 N/m [33] and the apparent viscosity of the air-free cement paste is the lowest value
recorded under pressure, then the average Ca before and after pressurization can be
calculated with the help of the samples recovered from the pressure cell after
pressurization. Table 4 shows that despite the coarsening of the bubble size distribution
after pressurization, the increase on the Ca may not influence so much the apparent
viscosity as there are not apparent differences between the relative viscosity recover over
time of the sample M2-100-B with the others in its group.

Figure 4. Effect of the bubble size distribution in the rate of change of the relative
viscosity due to pressurization at different shear rates.
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Table 4. Average Capillary number (Ca) before and after pressurization.
Sample

Shear rate
Apparent
Average Ca
-1
(s )
viscosity (Pa s) Before After
M1-100-A
100
0.173
0.31
0.33
M2-100-B
100
0.196
0.20
0.32
M1-20A
20
0.448
0.10
0.13
M2-20-B
20
0.409
0.10
0.12

3.4. OSCILLATORY SHEAR RHEOLOGY
Considering the previous results in which it can be seen that higher shear rates
increase the dissolution rate of the air, one can wonder what would happen in quasi-static
conditions. In order to gain some insights regarding this matter, two M2 samples (M2-OSC
and M2-OSC-NA) were subjected to a small amplitude oscillatory shear test. For clarity,
only the phase angle is shown in Figure 5 and Figure 6. The main difference between both
samples is that one was mixed with a defoamer admixture to produce an air-free sample
(M2-OSC-NA). Right after loading the sample M2-OSC in the pressure cell, it took about
520 s to develop its internal structure, as described by the phase angle transitioning from
45° to 1° during this lapse of time. When the pressure was increased at t = 520 s, the
rheometer recorded a violent swing in the phase angle shifting from 0 to 90° multiple times
for 20 s until it got stabilized at 43° and started to decrease gradually until the pressure was
increased again at 587 s. It is important to note that the second pressure step was performed
when the internal structure of the sample was still recovering from the first disruption,
resulting in less aggressive variations of the phase angle. After the phase angle got close to
0° at t = 897 s, right after the pressure was released, the phase angle peaked to 90° and
decreased to values lower than 45° in the following 5 s. The sample was let to recover for
approximately 300 s, then a second pressure step was done at t = 1200 s and the response
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of the phase angle was not as aggressive as it was at t =520 s, reaching only 12° and
decreased to 2.5° in the following 300 s. Lastly, the pressure was released one last time at
t = 1480 s, but this time pressure was released gradually within 10 s, the phase angle
increased to from 2.5° to 37° and stayed more or less constant for about 20 s until it started
to decrease towards the end of the test at t=1800 s. The shift in the phase angle to values
greater than 45° indicates that when there are pressure changes, the rheological behavior
transitions from viscoelastic solid to viscoelastic liquid. Therefore, during pressurization
or depressurization, the rheometer captures the vertical flow of the sample due to the
reduction of the sample volume as consequence of the compression and dissolution of the
air bubbles.
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From Figure 5 is possible to explain some of the behaviors observed in Figure 3
and Figure 4. The dissolution of air is enhanced by the shear rate. On the other hand, it
appears that after depressurization under very low shear stresses, not all the air reappears
immediately, as shown in Figure 5 that even after 300 s from the first depressurization, the
disruption caused by pressurization at t = 1200 s is much less than that caused initially.
Research conducted on other fields have reported the existence of a critical shear rate that
enhances the nucleation and growth of air bubbles in supersaturated conditions, as the sole
effect of depressurization is unable to get all the air out of dissolution [24]. As a matter of
fact, shear is usually applied in industrial procedures to increase the foaming of polymers
melts right after pressurization is released. This effect is attributed to the transformation of
mechanical energy into the surface energy required to form the bubble walls [34, 35].
Therefore, it is reasonable to think that at extremely low shear stresses, not all the air
reappears immediately after the depressurization of cement paste. Mixture M2-OSC-NA
also shows that the phase angle peaks to values close to 50° when the mix is pressurized
despite being “air free” (Figure 6). This could be attributed to the high-pressure stream of
air that gets injected in the pressure cell when the input valve is open, as the inlet orifice in
the pressure cell faces directly the inner cylinder coupling shaft causing small movements
or vibrations which disturb the measurements. If the shear rate is relatively high, these
fluctuations may be negligible. So, the phase angle fluctuations during pressurization may
have two components: one related to the compression and further dissolution of the air
bubbles, which causes structural breakdown and vertical flow, and other one related to the
measuring system itself. Therefore, measuring the quasi-static air dissolution by means of
rheology seems not feasible with the available equipment.

82
90

14

80

12
10

60
50

8

40

6

30

Pressure (bar)

Phase angle (°)

70

4

20
2

10
0
0

300

600
Phase angle

900
Time (s)

1200

1500

0
1800

Pressure

Figure 6. SAOS Phase angle of M2-OSC-NA

3.5. CONSEQUENCES
Reverting to the initial motivation of this research work, some of the physics are
now better understood. From [31] and this contribution, air-bubble dissolution needs time,
but dissolution time is shorter in case a finer bubble system is dissolved and/or when a
higher shear rate is applied. However, no results could be obtained in quasi-static
conditions with this setup. Now, considering a concrete being pumped, it is known that the
shear rate in the concrete varies from zero to several 100 s -1 in the lubrication layer. As
such, there is no homogeneous dissolution pattern over the cross-section of the pipe. The
amount of sheared material and the average shear rate can be increased by increasing the
flow rate, increasing viscosity (both are increasing pressure loss), or decreasing the yield
stress of the material. This could explain why mixtures with higher workability appear
more sensitive to pumping. On the other hand, some movement is expected in the zeroshear zone of the concrete as well. Similar to the rheometer test, there must be extensional
flow associated with dissolution and re-appearance of air. The velocity profile of concrete
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moving through a bend is not known either, but some shearing must occur as flow direction
is changed.
Furthermore, the time evolutions of apparent viscosity show that the dissolution
rate is of the same order of magnitude as the time concrete experiences constant pressure
during pumping: i.e. in between the shocks (between roughly 5 and 60 s). It is believed
that, if the sample is sheared, substantial portions of the air volume reappear quickly,
coarsening the air void system to some extent with each pressure shock. In fact, each
pressure shock could be considered as a new dissolution process, starting with the outcome
of the previous one. An attempt was made to replicate this process with the rheometer, but
due to bubble instability, this was impossible.

4. CONCLUSIONS

The influence of shear rate and bubbles size distribution on the dissolution and
reappearance of air bubbles in cement paste under pressure were investigated by means of
rheology. The following conclusions can be made:


Rheological measurements of air entrained cement paste under pressure are feasible
under dynamic conditions. A typical response to pressurizing consists of an
immediate change in apparent viscosity, followed by a more gradual decrease.
Similar, but much quicker response is found when depressurizing. However, the
relative magnitudes of the immediate and gradual changes depend on a number of
factors.
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The changes the air bubbles experience during pressurization are amplified by the
shear rate and the overall effect on the rheological profile dependents on the bubble
size distribution. The shear rate has a stronger effect on the rate of dissolution of
air bubbles, testified by the reduction of the relative viscosity. The fine bubble size
distributions have impact on the magnitude of the initial drop of the relative
viscosity.



The disturbances caused by pressurization of the samples during oscillatory
measurements are of larger magnitude than the sample’s response for the shear
strain imposed. Therefore, the application of this technique seems to be not feasible
for the characterization of the air dissolution in cement paste with the available
equipment.



Finer bubble size distributions are more susceptible to be affected by pressure if the
shear rate is high. On the other hand, the bubble size distribution of the samples
sheared at the lower shear rate were less affected. It seems that lower shear rates
allow the reappearance of the air in a more controlled way. However, air escapes
in these experiments after depressurization because there is open space on top of
the inner cylinder, indicating that the bubbles may no longer be well-stabilized.
This effect is unlikely to occur inside the pipe, but may lead to more air removal
once the concrete exits the pipeline.



In addition to the factors known to affect air dissolution: pressure, air content and
air-bubble size, this paper has shown two additional effects which control the
dissolution process of air: shear rate and time. Their effect is non-negligible when
attempting to describe scientifically the change in air-void system due to pumping.
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ABSTRACT

The durability of concrete must be ensured to reduce the carbon footprint of the
production of portland cement. The durability of concrete must be ensured to reduce the
carbon footprint of the production of portland cement. Pumping concrete is a very efficient
placing technique that offers significant cost reduction and versatility at the jobsite.
However, it also has the potential of altering the air void system parameters, which are key
to guarantee proper durability under cold weather conditions. In fact, controlling the airvoid system during may have become more challenging with the appearance of highly
workable concretes. This research has as main goal to expand the current knowledge
related to the behavior of the air-void system of highly flowable concrete (HWC), including
SCC, when its pumped. Nine large-scale pumping campaigns were performed on 18
concrete mixtures exploring the effect flow rate, boom position, mix composition and
workability had on the spacing factor. Furthermore, the effectiveness of adding a reducer
and keeping the concrete discharge immersed in previously deposited concrete as strategies
for minimizing the changes in the spacing factor were tested. Portions of the practical
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guidelines on conventional concrete on HWC, such as the influence of boom configuration
(A-frame or flat) and the use of a reducer, are applicable, although with noticeable
exceptions. Other recommendations, including submerging the discharge and the influence
of flow rate do not systematically follow the recommendations for conventional concrete.
Even more, among the parameters studied, the mix design of flowable concretes had strong
influence on the changes inflicted to the spacing factor due to pumping. In conclusion, the
effect of pumping on the spacing factor for HWC is a complex combination of many factors
(pressure, air content, shearing, free-fall, time, etc.) acting simultaneously on the system,
making predictions difficult without fundamental understanding of all applicable laws of
physics.

1. INTRODUCTION

Concrete pumping is a placement technique that has been in use for the last 85 years
[1]. Recent developments on concrete rheology have led to numerical and analytical
models to explain how concrete behaves when subjected to pipe flow [2]. This knowledge
has helped researchers to develop theories and hypotheses that address the susceptibility of
modern concrete mixtures to suffer changes in their fresh properties when pumped [3-11].
It is well known that when conventional vibrated concrete (CVC) is subjected to pipe flow,
a thin lubrication layer is formed at the pipe wall consistent with the mechanics of shear
induced particle migration [10]. The relative high yield stress of CVC is responsible for
keeping the mass of pumped concrete as a whole plug that overcomes the pipe wall friction
with the help of the lubrication layer. In contrast, highly workable concrete (HWC) and
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self-consolidating concrete (SCC) have lower yield stress, which leads to an intermediate
shearing zone between the lubrication layer and the concrete plug in the pipe. It is believed
that the presence of this shearing zone is related to the changes in fresh properties that
flowable concrete is susceptible to experience when pumped [3]. One of the most
commonly reported changes are fluctuations of the air content of concrete, and concrete
workability. This has been a major concern to anyone who needs to meet specific air-voids
system parameters to guarantee durable concrete in cold climates. Several researchers
approached this problem during the 1990s and identified several mechanisms causing
alterations in air content and/or spacing factor, such as the dissolution of air bubbles in the
surrounding water under pressure, coalescence of the small air bubbles due to negative
pressure, and the impact of the concrete with the formwork when the drop height is too
large [11-21].
Field practitioners and researchers have found that re-adjusting the mix design to
enhance pumpability [14, 15], use the lowest possible pumping pressure [15, 16], add an
attachment to help to maintain positive pressure on descending parts of the boom (reducer
or loop) [17, 22, 23], or submerging the pump discharge into previously deposited concrete
could help to minimize the effect of pumping on the spacing factor of concrete [9], but
these strategies may or may not work for certain concretes and field conditions [18].
When SCC is pumped, usually higher pressures are required in comparison with
CVC because SCC has relatively higher viscosity [24]. Therefore, larger pumping-induced
changes in the air-void system of SCC are expected. Air bubbles are stabilized in concrete
during mixing by air-entraining admixtures (AEA) and exist as discrete spheres within the
paste [25]. Henry’s law states that at constant temperature, the concentration of gas that
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can be dissolved in a liquid is proportional to the partial pressure of that gas in that liquid
[26]. Therefore, an abrupt increase in pressure forces the air in the bubbles to be dissolved
into the interstitial water until it gets saturated [14]. Common air has a solubility coefficient
of 1.85 %v/v (% volume of gas/volume of water) [26], so depending on the volume of air
and the water available around the bubbles, permeability of the bubble shell, bubble
internal pressure, and the pressure exerted by the concrete pump, the air bubbles can be
totally or partially dissolved between pressure strokes [14]. Small air bubbles are more
susceptible to dissolution than their larger counterparts because the former are subjected to
higher internal pressures due to the surface tension of the surrounding liquid, and because
the smaller bubbles have higher specific surface promoting the transfer of air into water.
Since their volume is small, they are less likely to saturate the surrounding paste with
dissolved air [16]. Provided no change in diameter of the pipe, the pressure along the
pump’s pipeline is reduced linearly until the concrete reaches atmospheric pressure at the
exit of the conduit [27]. Thus, the air can reappear as bubbles as soon as the pressure drops
because the water becomes super-saturated with air for the lower pressure and
reappearance of dissolved air is necessary. Currently, the rate of dissolution and
reappearance of air in the cement paste is unknown, but rheological experiments conducted
under pressure on air entrained cement paste have shown that air dissolution occurs almost
instantly under shearing conditions when relatively fine air void systems are pressurized
[28], but for other systems, it is possible that the dissolution might be more time-dependent.
Removing the pressure has shown rapid reappearance of the air, but it is uncertain whether
the air returns to the same location [28]. On the contrary, air is more likely to reappear in
existing or just previously reformed air bubbles, enlarging the air void system [15].
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Negative pressure or suction enlarges air bubbles according to the universal gas law. If two
or more adjacent air bubbles overlap, larger air bubbles form due to coalescence, which
show lower surface tension compared to the individual smaller bubbles. Negative pressures
occur when the concrete is aspired from the hopper into one of the pumping pistons, and,
potentially, when the concrete can experience freefall in the downward section of the
pipeline, at the switching of a stroke. The third mechanism, when concrete hits the
formwork or previously placed concrete during discharge, is governed by impact forces,
which may break or destabilize air bubbles. If the air void system is not robust enough,
pressurization can lead to permanent detrimental damage on its parameters and
compromise the durability of concrete exposed to freezing conditions.
The description above delivers a qualitative analysis of the factors influencing the
air-void system due to pumping, and most of the former research was performed on CVC.
With the aforementioned change in flow pattern for more flowable concrete mixtures, one
can question whether similar or opposite patterns can be observed. This research work
explores the influence of flow rate, boom position, admixtures types, workability, initial
fresh air content, reducers and submerged discharge on the spacing factor of SCC and
HWC.

2. MATERIALS AND METHODS

2.1. MATERIALS
2.1.1. Cementitious Materials. The cementitious phase of the concrete mixtures
was composed of portland cement type I in conformity with ASTM C150 and Class C fly
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ash sourced from Labadie, MO, USA. The density of cement and fly ash were 3160 and
2930 kg/m3, respectively. These values were measured with a gas pycnometer
(Quantachrome UltraPyc 1200e) using nitrogen as displaced gas.
2.1.2. Aggregates. The coarse aggregate used was crushed limestone with a
nominal maximum size of 9.5 mm. The sieve analysis showed that most of the coarse
aggregate particles (93% wt. retained) were larger than 4.75 mm, deviating from the ASTM
C33/C33M-18 grading requirements. The oven-dry density and absorption of the coarse
aggregate were 2740 kg/m3 and 0.66%, respectively. The fine aggregate consisted of
Missouri river sand that met the ASTM C33/C33M-18 gradation requirements. The ovendry density and absorption of the fine aggregate were 2620 kg/m 3 and 0.26%, respectively.
2.1.3. Admixtures. A broad range of workability levels and air contents were
desired for this project while minimizing the workability loss from hydration. Two
manufacturers provided the following chemical admixtures: Four superplasticizers (three
based on polycarboxylate ether (PCE) and one polynaphtalene sulfonate (PNS)), two airentraining agents (AEA), two set retarders (RET), two workability retention (WR) and one
viscosity modifying admixtures (VMA). A defoamer (DEF) was used on a few mixtures
that yielded higher air content than desired. Table 1 shows the relative density and oven
dry solid residue of all employed admixtures. The experimental procedures followed to
measure these properties are specified in ASTM D891-18 (pycnometer method) and ASTM
C494-17, respectively.
2.1.4. Mix Design. Table 2 shows the basic composition of the mix design. All
mixtures had 420 kg/m3 of cementitious materials. Sixteen of them included 25% of fly
ash type C as partial replacement (M1-M16) by weight of portland cement, while the two
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remaining were produced only with portland cement (M17-M18) (Table 2). The water-tocementitious material ratio (w/cm) was equal to 0.45. Although this w/cm may seem high
for SCC mixtures, two criteria were considered for the w/cm: fresh concrete stability and
susceptibility to freezing and thawing. Increasing w/cm beyond 0.45 would increase
significantly the risk for segregation of the mixtures, invalidating most of the results and
rendering all samples non-representative. An identificatory code name was assigned to
each mix composed by the workability class (SCC, HWC or CVC), mix number within its
class and an indicator of what superplasticizer was used for its formulation, from A to D
for PCE 1, PCE 2, PCE 3, and PNS, respectively. For example, “SCC-5C” is the 5 th SCC
mix made with PCE 3.
The sand-to-aggregate ratio (S/A) was kept constant at 0.55. The changes in
workability were induced by changing the admixtures proportions (Table 3) while the base
mixture design remained constant.

Table 1. Chemical admixtures type, relative density and solid residue by oven drying.
Type
Air entrainer
Superplasticizer

Retarder
Workability retention
Viscosity modifier
admixture
Defoamer

Manufacturer

Code
Solid
Relative density (-)
label
residue (%)

A
B
A
A
B
B
A
B
A
B
B

AEA1
AEA2
PCE1
PCE2
PCE3
PNS
R1
R2
WR1
WR2
VMA

1.01
1.01
1.05
1.06
1.05
1.19
1.06
1.12
1.04
1.04
1.20

6.1
6.8
25.0
35.4
29.5
40.9
13.1
18.0
20.8
21.6
42.3

B

DEF

1.35

Powder
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2.1.5. Mixing Procedure. All concrete mixtures were prepared in 5.75 m 3 batches
in a ready-mix plant using the same concrete mixing truck. First, the weight of coarse and
fine aggregates was corrected for field moisture conditions, dispatched into the truck and
mixed with half of the water and the AEA. Next, the cement, fly ash and remaining water
were added and mixed. The concrete was transported to the testing site across the street
and superplasticizer, retarder, workability retention and viscosity modifier admixtures
were added according to their corresponding mixture design, in this order, with 2 to 4
minutes of mixing in between additions. A sample of concrete was extracted from the truck
and tested for workability and air content. If the workability target was not met, extra
superplasticizer was added. When adjusting the air content, additional doses of AEA or
defoamer were added. Additional doses of AEA were not as efficient as the initial dose and
showed little improvement in increasing the air content. This was the case for mixtures
where PNS superplasticizer was used, as only these mixtures showed low initial air
contents. Although this inconvenience was anticipated in laboratory trial batches, the actual
field conditions (weather, batch size, small change in constituents, mixing energy, etc.) had
more influence on the final air content than the proposed AEA initial dosage. Table 4 shows
the fresh state properties of all the mixtures as sampled from the first portion of the truck.

Table 2. Base mix design. The weight of the aggregates is oven dry.
Material
Water
Cement
Fly ash (Class C)
Coarse aggregate
Fine aggregate

Quantity (kg/m3)
M1 – M16
M17 – M18
189
189
315
420
105
759
759
927
927
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2.1.6. Pumping. All mixtures were pumped with the same truck-mounted piston
pump with a 40 m boom length conformed by pipes with a diameter of 125 mm. The
experiments were conducted with either the boom fully horizontally extended (flat) or in
A-shape, as depicted by two ascending and two descending portions of the boom (Figure
1).

Table 3. Admixtures dosages per concrete mixture. These values include any extra
addition that was deemed necessary to adjust the concrete properties before testing.
Admixtures (kg/m3)

Batch
Mix

ID
size (m3) AEA1 AEA2 PCE1 PCE2 PCE3 PNS

R1

R2

WR1 WR2 DEF VMA

M1

SCC-1A

4.59

0.13

0.87

0.78

1.05

M2

HWC-1A

5.73

0.13

0.77

0.79

1.05

M3

HWC-2A

5.73

0.13

0.61

0.72

1.05

M4

HWC-3A

5.73

0.13

0.44

0.79

0.79

M5

CVC-1

5.73

0.07

0.62

0.79

M6

HWC-4A

5.73

0.07

0.82

1.05

1.05

M7

SCC-2A

5.73

0.07

0.96

1.05

0.79

M8

SCC-1B

5.73

0.07

0.79

0.79

M9

SCC-1C

5.73

0.03

0.44

0.35

1.78

M10

SCC-2C

5.73

0.03

0.44

0.70

1.78

M11

SCC-3C

5.35

0.03

0.36

0.43

1.92

0.75

M12

SCC-4C

5.35

0.09

0.28

0.43

1.92

0.19

M13

HWC-1C

5.35

0.09

0.19

0.65

1.21

0.21

M14

SCC-5C

5.35

0.14

0.37

0.49

1.72

0.19

M15

SCC-1D

5.73

0.27

5.55

0.82

3.93

M16

SCC-2D

5.73

0.70

3.70

0.82

2.62

M17

SCC-3D

5.73

0.42

4.69

1.09

2.62

M18

SCC-4D

5.73

0.55

2.05

1.09

1.09

0.37
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Figure 1. Left: Pumping boom in fully extended horizontal (flat) configuration. Right:
Pumping boom in vertical (A) setup.

Table 4. Initial fresh state properties.

2216

Air
C231
(%)
7.5

Segregation
Index
(%)
-

555

2219

8.2

-

HWC-2A

480

2253

6.6

-

HWC-3A

490

2225

7.5

-

CVC-1

*130

2367

3.2

-

HWC-4A

575

2235

9.2

-

SCC-2A

790

2215

6.7

-

SCC-1B

710

2246

8.0

3.5

SCC-1C

655

2216

8.2

6.1

SCC-2C

790

2220

6.9

18.8

SCC-3C

690

2330

0.7

6.4

SCC-4C

610

2310

3.1

5.4

HWC-1C

445

2266

5.4

-

SCC-5C

685

2304

3.1

-

SCC-1D

780

2273

2.8

10.6

SCC-2D

690

2298

3.1

8.3

SCC-3D

800

2267

2.5

10.6

SCC-4D

645

2298

4.4

3.0

ID

Slump flow
(mm)

Unit mass
(kg/m3)

SCC-1A

590

HWC-1A

*Slump test result

98
Additional experimental factors included flow rate, reducer on/off and keeping the
end of the hose in or out of the discharged concrete. The flow rate was constant during a
given experiment and varied between 1 to 38 l/s as estimated by tracking the time between
a certain number of pump strokes. Since the volume of each piston chamber is known, the
flow rate can be calculated assuming the pistons were full.

Table 5. Experimental matrix. Boom position = F (Flat) or A (A-shape), Reducer attached
= R, Submerged hose = S, Flow rate in l/s = numeric values.
Name ID

SCC-1A
HWC-1A
HWC-2A
HWC-3A
CVC-1
HWC-4A
SCC-2A
SCC-1B
SCC-1C
SCC-2C
SCC-3C
SCC-4C
HWC-1C
SCC-5C
SCC-1D
SCC-2D
SCC-3D
SCC-4D

Experiment
P1

P2

P3

P4

P5

P6

A-R-14.6
F-19.1
A-R-S-20.8
F-5.9
F-5.7
F-18.7
A-R-S-19.1
F-1.4
A-R-S-21.2
F-1.8
A-26.0
A-S-26.2
A-32.1
A-25.9
A-S-29.1
A-S-29.1
A-R-5.6
F-R-6.6

A-11.1
F-7.5
A-R-20.0
F-7.5
F-16.8
F-36.4
A-R-22.6
F-35.6
A-R-20.3
F-37.2
A-S-25.0
A-6.6
A-S-31.9
A-S-26.7
A-S-5.6
A-S-5.6
A-R-S-5.6
F-R-46.5

F-10.3
F-28.9
A-20.2
F-28.9
F-32.0
F-6.4
A-21.3
F-21.8
A-20.4
F-21.5
A-6.1
A-S-8.6
A-5.5
A-5.6
A-5.6
A-5.6
A-R-40.8
F-R-S-46.6

F-17.2
A-11.1
F-20.3
A-11.1
A-22.3
A-11.1
F-21.1
A-20.9
F-22.7
A-21.5
A-S-6.0
A-R-24.7
A-S-5.5
A-S-5.5
A-29.1
A-30.5
F-R-5.7
F-R-S-6.2

A-R-18.6
F-33.2
A-R-13.2
A-R-19.4
F-38.0
A-R-S-21.1
F-37.8
A-R-22.1
A-R-25.8*
A-R-7.3
A-R-32.5
A-R-26.0
A-R-28.0
A-R-29.1
F-R-40.5
A-R-46.5

A-R-S-20.5
F-5.2
A-R-S-11.7
A-R-S-18.5
F-1.1
A-R-20.4
F-2.1
A-R-S-21.5
A-27.3
A-R-5.3
A-R-5.5
A-R-5.5
A-R-5.5
A-R-S-46.5

* 4.90 m rubber hose added at the end of the boom

The concrete was pumped into formworks varying the discharge type: either let the
concrete fall from 0.5-1.0 m from the bottom or entirely submerging the hose into the
discharged concrete and keeping it down approximately 0.2 m from the concrete surface.
The last modification consisted on combining the effect of reducing the diameter from
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0.125 to 0.100 mm on approximately the last 3 m of the boom with all other parameters.
The volume of concrete pumped per experiment corresponded to the volume held by the
boom, 700 l. Hence, at least the last pump stroke would push a fresh sample of concrete
out of the pipes. Every mixture was pumped 6 times, applying one to three pumping factors
at the time (flow rate, hose submerged or not and reducer on/off), with few occasions where
technical difficulties were encountered and only 4 or 5 experiments were executed. Table
5 summarizes the experiments performed for each mix design. For mixtures 11 to 16, the
efforts were concentrated on the effects of the pumping parameters with the boom placed
in A-shape.

2.2. TESTING PROCEDURES
2.2.1. Sampling. Nine full-scale pumping campaigns were performed between
August 2017 and April 2019. The spacing in time of each pumping campaign was chosen
to match the freeze-thaw and de-icer scaling testing capacities in the laboratory. The main
sampling strategy included collecting nine portions of concrete as follows: three control
samples were taken from the first, middle and last portion of the concrete in the mixing
truck, without pumping. The control samples served as a baseline for the natural evolution
of the fresh properties of concrete in the truck as result of hydration, evaporation, agitation
time, and temperature fluctuations. The remaining six samples correspond to pumping
experiments performed between the truck sampling intervals, with few exceptions where
fewer pumping experiments were conducted, or the last pumping experiment was
performed after the last truck sample was collected. The truck samples were collected
directly from the chute into a wheelbarrow and transported to the area designated for
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testing. Every pumping test required approximately 0.7 m 3 of concrete. Therefore, it had
to be pumped directly into formworks and extracted using 12 l buckets to form two
composite samples of approximately 50 l in wheelbarrows. For every truck or pumped
concrete sample, slump/slump flow, T50, density, fresh air content with the pressure
method, static stability (when applicable), rheology and interface rheology tests were
performed. One specimen for freeze/thaw and another for de-icer scaling were cast,
together with three 100 x 200 mm cylinders for compressive strength at 28 days and one
more for the determination of the hardened air-void system parameters. Only the
procedures relevant to the contents of this paper (workability, stability, density and airrelated parameters) are described. The others are beyond the scope of this contribution.
Every pumping campaign day, which consisted of testing two concretes: one in the
morning and one in the afternoon, took from 7 to 9 hours to be completed.
2.2.2. Workability. The slump/slump flow tests were performed in accordance
with ASTM C143/C143M-15 and C1611/C1611-18, respectively. Among all mixtures,
only one concrete of conventional workability was tested. A reduced version of the tamping
procedure of the slump test was implemented if the concrete was near to self-consolidation
consistency but not stiff enough to resist the full compaction procedure without segregating
(slump flow values between 350 and 550 mm). This workability class was identified as
“Highly-workable concrete” (HWC). For such cases, the slump cone was filled in two
layers, instead of three, and it was rodded 10 times instead of 25 [29]. Once a mixture was
classified as SCC (no consolidation), HWC (limited consolidation) or CVC (full
consolidation) based on the initial workability test, the consolidation method was
maintained for that mixture, regardless of its evolution of fresh properties
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2.2.3. Density and Air Content. The density and fresh air content were performed
in accordance to ASTM C138/C138M-17a and ASTM C231-17a (type B meter), but the
consolidation procedure was adapted to the workability shown by the sample. If the slump
flow test classified the workability of the concrete as HWC, then the vessel was filled in
two layers, each being rodded 10 times and tapped 4 times with a rubber mallet. For SCC,
the sample was poured directly into the measure vessel without extra consolidation. The
aggregate correction factor was found to be 0.3%.
2.2.4. Estimation of the Density of Concrete from Hardened Specimens.The
main purpose of these specimens was to determine variations in the compressive strength
due to air content changes. However, the density of the specimens was estimated before
compression tests were performed. Three concrete specimens of 100 x 200 mm were made
per experiment. The consolidation method was adapted depending on the workability
shown by the mixture. The CVC and HWC specimens were placed in two layers and
vibrated until each layer became flat, while SCC samples were just poured into the cylinder
molds. The specimens were protected against evaporation and let to cure overnight at the
jobsite. Demolding took place after 24 hours followed by submerging the samples in lime
saturated water until 28 days of age. Before breaking the specimens, their saturated surface
dry weight was recorded in atmospheric conditions and under water to calculate the density
of every sample. The measured value was compared to the theoretical value obtained from
the mix design to estimate the percentage of air contained in every sample.
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2.3. HARDENED AIR-VOID SYSTEM
2.3.1. Sample Preparation. A wet-cutting saw equipped with a 460 mm diameter
segmented diamond blade was used to cut the concrete disks for the hardened air-void
analysis. The concrete cylinders were cured for at least 28 days before being cut to let the
paste gain sufficient strength to reduce the risk of leaving empty sand particle sockets
during the cutting process. These could appear as air bubbles overestimating the air content.
The ASTM C457/457M-17 testing method states that the sawed sample must be cut
perpendicular to the finished surface, however this was not possible due to technical and
safety limitations. The samples were obtained by cutting 50 mm from the bottom of a 100
x 200 mm concrete cylinder. Another cut was made at 12 mm from the freshly exposed
surface to produce a disk-like sample. Samples were polished with 200 mm diamond disks
of 80 and 180 grit, mounted on a water-cooled lapping wheel set to 800 rpm. Polishing was
performed in 10 minutes intervals or until the surface was completely flat. Next, samples
were polished with carbide sandpaper discs progressing in grit number, starting with 320,
600 and 1200. Finally, the concrete disc was mounted on the “Rapid Air 457” sample
holder and the quality of the polishing was assessed (Figure 2a). If noticeable scratches
were present, the sample was rejected, and the polishing process was repeated.
For the contrast enhanced method, the concrete sample was darkened from side to
side using a black permanent marker, keeping the overlapping of every pass at a minimum.
Then, the sample was turned 90° and the process was repeated. Next, barium sulfate
powder was sprinkled over the sample until all the surface was completely covered. The
powder was pressed over the surface using a rubber roller and the excess was struck-off
with the sharp edge of a utility knife, leaving the barium surface powder compressed inside
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the air voids. The voids in the aggregates were colored black to avoid counting them as
part of the air-void system. Finally, two drops of mineral oil were added to the surface of
the sample and gently distributed using a small rubber squeegee (Figure 2b).

a)

b)

c)

250 μm

250 μm

250 μm

Figure 2. Sample preparation stages for air-void system analysis of hardened concrete. a)
Surface completely polished. b) Enhanced contrast surface c) Binary threshold image
ready to be analyzed (only required for the flat-bed scanner).

2.3.2. Hardened Air-void System Analysis. Two different approaches based on
the contrast enhanced method described in ASTM C457/C457-17 were used to estimate
the air-void system of the hardened concrete. The first approach relied on the use of the
Rapid Air 457 (RA-457), which is a commercially available automatic image analysis
system equipped with a 100 x microscope objective attached to a digital video camera. The
RA-457 sample holder moves below the microscope objective and captures a video frame
of its current position. Then, a binary threshold (set to 145 on all the samples) is applied to
the captured video frame to highlight all the white zones of the sample. This isolates the
white air bubble zones from the black background and filters out the noise caused by small
reflections over the shiny surface. At the same time, the software overlays three traverse
lines on top of the captured image and records the chord length of the lines intercepting the
highlighted spots. The traversed length was set to 1905 mm, which is the minimum
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specified in ASTM C457/C457M-16 for a 9.5 mm nominal maximum aggregate size.
Based on the dimensions of the specimen and the distance to traverse over the surface of
the sample, the computer calculates the path to follow and calculates the percentage of
white area relative to the black background. The chord lengths of the intercepted traverse
lines by air voids are also recorded. Once the traverse length is satisfied, the software
delivers a complete report including the chord length distribution, air content, spacing
factor, specific surface, void frequency, average chord length and paste to air ratio (the
paste volume was calculated from the mix design). The report contains two versions of the
air-void system parameters. The first performs the calculations with all the recorded chord
lengths, and the second only with those larger than 30 μm.
The second approach used a flatbed scanner (Epson Perfection V550) to take a
high-resolution picture of the sample surface. The resolution of the pictures was 6400 ppi,
which corresponds to 3.97 μm/pixel. The scanned pictures were transformed to binary
monochromatic images (Figure 2c) and loaded into the “KSU Air Void Analyzer” opensource software (KSU-AVA) [30]. This software calculates the air void parameters
iterating through the complete picture from left to right investigating every pixel. The
scanner sharpness, resolution and contrast contributed to pick up all kind of defects on the
picture produced by light reflections during the digitalization process, limiting the amount
and size of defects that could be filtered out. In such cases, the threshold had to be adjusted
as much as possible so the air voids sizes would not be affected (as assessed by
superimposing the binary picture over the unprocessed one) and most of the remaining
irregularities were digitally removed, which significantly increased the subjectivity of the
analysis.
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2.3.3. Field Data Processing and Analysis. The evolution of the air-void system
parameters over time in the mixing truck were tracked with the three non-pumped samples
collected, and the data was used later to calculate a baseline by means of linear regression.
Therefore, the difference between the pumped samples and the truck baseline expresses the
effect of pumping the concrete for a given set of parameters. This difference is referred as
“Delta spacing factor” (Figure 3). Positive differences between pumping experiments and
the baseline denote an increase in the spacing factor. The mixture SCC-1A was the only
which intentionally had two truck samples to calculate the baseline, since it was the lowest
volume batched. Mixtures CVC-1, SCC-4C to SCC-7C baselines were calculated only with
two data points due to unreliability of the discarded values. In the instance where either the
first or last truck sample was discarded, the baseline was extrapolated.
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Figure 3. Example of the time evolution of the spacing factor of mixture SCC-2C (M10),
and graphical represendation of the delta spacing factor.
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3. RESULTS AND DISCUSSION

3.1. COMPARISON BETWEEN THE RA-457 SYSTEM AND THE FLATBED
SCANNER
The RA-457 analyzes the surface picture by picture, measuring the chord length of
the traverse lines that intercept the air voids. Although this is closer to what a technician
would do manually, the results may change significantly depending on the chosen starting
point over the sample, as the traverse lines will intercept the air voids on different points,
leading to different chord sizes [31]. For example, Table 6 describes the results of six tests
performed on the same sample but rotated about 30° on every run. Therefore, several runs
are required to get a better determination of the air-void system, which substantially
increases the time consumed per sample.

Table 6. Variation of results obtained with the automatic image analysis system as
different starting points were chosen.

Avg
6
5.53

Standard
deviation

5.92

1.28

Confidence
intervals
+95%
-95%
7.39
4.45

18.83 21.39 26.53 18.36 20.91 20.42

21.07

2.92

24.43

17.71

0.276 0.227 0.172 0.325 0.269 0.262

0.255

0.05

0.314

0.196

0.279 0.368 0.521 0.199 0.26 0.282

0.32

0.11

0.45

0.19

chord length (mm):

0.212 0.187 0.151 0.218 0.191 0.196

0.19

0.02

0.22

0.17

Paste to Air Ratio:

6.42

6.67

1.41

8.29

5.05

Run
Air Content (%):

1
5.92

2
6.88

3
7.85

4
4.35

5
4.98

Specific
surface (mm-1):
Spacing
factor (mm):
Void
frequency (mm-1):
Average
5.52

4.84

8.74

7.63

6.87
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On the other hand, the “KSU Air Void Analyzer” software is not sensitive to the
orientation of the sample as proved by rotating the picture 90° and running it through the
software again. Since the software analyzes pixel by pixel, it collects all details of the
picture, even the undesired ones like light reflections or irregular voids, and it adds them
towards the air voids count. Most of the tiny defects captured by the RA-457 can be filtered
out adjusting the binary threshold or reducing the light intensity over the sample surface.
However, increasing the threshold too much will also reduce the size of the air voids and
potentially make the small ones to disappear, leading to wrong estimations of the air void
system parameters. In case of the scanner, the light intensity of the lamp cannot be adjusted.
Thus, the digitalized surface requires further edition to erase light reflections and noise
once the binary threshold is set making this step very sensitive to the criteria of the operator.
On the contrary, the RA-457 uses a fixed threshold value while performing the
measurements, eliminating the possibility of selectively ignoring tiny irregular shapes from
light reflection or noise to improve the reliability of the results. As a consequence, the
imperfections captured by the software are interpreted as very small air voids, which have
little influence on the total air content but strongly reduce the spacing factor. The RA-457
provides an alternative to go around this artifact by generating two reports, one considering
all the measured chords, and other considering only those larger than 30 μm. If the results
computed with chord lengths larger than 30 μm are used, the results compare better to those
obtained with the scanner, for the simple reason that the scanned pictures were inspected
and cleared from defects manually (Figure 4). Typically, the air-void system analysis does
not consider voids smaller than 30 μm because these are not easily visible by the operators
if the contrast is not enhanced and the surface is perfectly polished [31]. Therefore, to only
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consider chord lengths larger than 30 μm is more reasonable in terms of resembling what
a human operator would be able to record.
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Figure 4. Spacing factor as measured with the RA-457 with (left) and without (right) air
voids>30 μm compared with the spacing factor measured with the KSU-AVA software.

When both approaches are compared with the air content estimated from the density
of the strength specimens, the scanner values are more scattered than those measured with
the RA-457 (Figure 5). Filtering imperfections by manipulating the binary threshold may
slightly reduce the diameter of large air voids, which in terms of volume would mean a
significant reduction in the total volume of entrained air. Therefore, if the binary image
threshold selection is individually set for every picture based on the sole criteria of what
amount of noise reduction seems reasonable without visually affecting the air voids size,
the total air content becomes less reliable. Thus, only the results obtained with the RA-457
computed with chord lengths larger than 30 μm were used on further analysis since these
are less operator-dependent.
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Figure 5. Comparison of the hardened concrete air content estimated from the density of
the compressive strength cylinders versus the values measured by the RA-457 (left) and
the scanner (right).

3.2. CHANGES IN THE SPACING FACTOR
3.2.1. Influence of Flow Rate. Figure 6 to Figure 8 show the changes in spacing
factor induced by pumping at different flow rates with the boom placed in A, A-R and AS positions, respectively. Figure 6 shows a small increase in the change in spacing factor
for mixtures SCC-4C, HWC-1C and SCC-1D with an increase in flow rate. SCC-3C is the
only one that shows large difference, mainly because the initial air content was the lowest
of all mixtures. Therefore, relatively small changes in the air content cause large variations
in the spacing factor when compared to samples with larger air contents. The boom in AS position shows that the flow rate induces either an increase or decrease in the change in
spacing factor at a much larger extent when compared with the standard A configuration
(Figure 7). Figure 8 shows that a combination of flow rate variations with reducer attached
(A-R configuration) increases, decreases or induces a non-measurable effect on the spacing
factor. Submerging the discharge hose or adding a reducer are strategies implemented to
reduce the effect of the free fall of concrete in the downward portion of the pipe when the
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boom is placed in A position. Nevertheless, the results show that the effect of such
techniques on the spacing factor is unpredictable for concretes with low fresh air contents
regardless of the flow rate and it may strongly depend on the mix composition.
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Figure 6. Change in spacing factor as a function of flow rate when pumping in A
configuration.
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Figure 7. Change in spacing factor as a function of flow rate when pumping in A-S.
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Figure 8. Change in spacing factor as a function of flow rate when pumping in A-R.

The flow rate has a much lower impact on SCC mixtures with high fresh air
contents when pumped in F configuration (Figure 9). Although a straightforward
comparison of SCC-1A, SCC-2A, SCC-1B, SCC-1C and SCC-2C versus SCC-3C, SCC4C, HWC-1C, SCC-5C, SCC-1D and SCC-2D mixtures cannot be made due to differences
on the boom position and lack of an experimental replicate at higher or lower flow rates
for all the mixtures made with the PCE 1 and PCE 2 groups: SCC-1C and SCC-2C in A
configuration, it can be seen that the magnitude of change for the lower air content samples
(SCC-3C, SCC-4C, HWC-1C, SCC-5C, SCC-1D and SCC-2D) is larger than when
pumping the high air content SCC samples. However, there is not a general trend in the
spacing factor changes, SCC-2A experienced a general decrease in delta spacing factor
while for SCC-1A, the delta spacing factor increased with a flow rate increase. However,
for SCC-1B, SCC-1C and SCC-2C, the changes were close to neutral at relatively medium
or high flow rates, SCC-2A got closer to the neutral line (delta spacing factor = 0) when
the flow rate was high. The SCC mixtures pumped in F configuration are the ones that
yielded the least magnitude of change of the spacing factor within the same mix design and
was less susceptible to the flow rate.
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The HWC and CVC mixtures sensitivity to the flow rate (Figure 10) sits in between
the high and low fresh air content SCC counterparts. It also appears that extremely low or
high flow rates cause larger variations, while an intermediate flow rate seems more
adequate for preventing fluctuations in the spacing factor. SCC-3D and SCC-4D had
experiments conducted at different flow rates using the same boom configuration, F-R and
F-R-S. For these set of pumping parameters, a slight decrease in delta spacing factor is
observed when pumping faster (Figure 11).
The obtained results do not fully match with the pressure-dissolution theory, as
higher flow rates induce higher pressures, which should enhance dissolution. However, as
mentioned in the introduction, air dissolution can be time-dependent, which may affect
total dissolution. Furthermore, in A-configuration, it can be doubted whether the downward
section of the pipe is completely filled, or whether free-surface flow exists up to a certain
flow rate. As such, there are factors which may disturb the accepted concept that higher
flow rate causes worse air-void systems.
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Figure 9. Change in spacing factor as a function of flow rate when pumping in F
configuration for SCC mixtures.
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Figure 10. Change in spacing factor as a function of flow rate when pumping in F
configuration for HWC / CVC.
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Figure 11. Change in spacing factor as a function of flow rate when pumping in F-R/FRS.

3.2.2. Influence of Reducer. Reducers are usually recommended for CVC to
minimize the effect of pumping on the air void system. It is believed that a pipe diameter
reduction close to the end of the pipeline helps to prevent subatmospheric pressures able
to induce bubble coalescence. To determine the effect of the reducer, the results of pumping
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with and without a reducer are compared, in equal configuration (flat or A), equal discharge
conditions (submerged or not) and approximately equal flow rate. Figure 12 shows that
concretes with initial high air contents do not experience large variations in the change in
spacing factor due to the reducer, except for SCC-1B and SCC-2C. Figure 13 and Figure
14 show that the reducer is mostly beneficial regardless of the flow rate. SCC-1D and SCC2D are the exceptions, both used PNS superplasticizer. In those cases, the opposite
behavior is observed: larger increases in spacing factor are noted for the A-R configuration
compared to the values without reducer and becomes worse as the flow rate increases. A
potential theory is that the concrete may become more fluid facilitating air loss due to more
enhanced shearing in the smaller pipe [9], but the workability results are not fully indicative
of this concept..
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Figure 12. Change in spacing factor due to pumping with a reducer (right), compared to
omitting the reducer (left).
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Figure 13. Change in spacing factor due to pumping at low flow rates with a reducer
(right), compared to omitting the reducer (left).

0.4

Medium flow rate
SCC-3C
SCC-4C

Delta Spacing Factor (mm)

0.3

HWC-1C
SCC-5C

0.2

SCC-1D
SCC-2D

0.1

0.0

-0.1

-0.2
A

A-R

Figure 14. Change in spacing factor due to pumping at medium flow rates with a reducer
(right), compared to omitting the reducer (left).
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3.2.3. Influence of Submerged Hose. To investigate the effect of submerging the
end of the pumpline, a similar comparison strategy as for the reducer was used: compare
pumping conditions where all other factors are kept (approximately) constant. Mixtures
with higher air contents were not as sensitive to spacing factor changes (Figure 15) as those
with lower air contents (Figure 16). However, there is not a clear pattern on how the spacing
factor is affected by keeping the pump discharge submerged (Figures 15-18). For some
mixtures, it seems to have a beneficial effect, for others it seems neutral or absolutely
detrimental. It also appears that the effect is strongly dependent on the flow rate (compare
SCC-3C, SCC-1D and SCC-2D in Figures 16 and 17), without a clear tendency.
Regardless, submerging the hose could have a strongly negative effect in some cases and
should not be held for granted as an adequate strategy to minimize changes in the spacing
factor due to pumping.
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Figure 15. Influence of submerging the hose on the change in spacing factor due to
pumping.
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Figure 16. Influence of submerging the hose on the change in spacing factor at low flow
rates.

Medium flow rate
0.4

0.3
Delta Spacing Factor (mm)

SCC-3C
SCC-4C

0.2

HWC-1C
SCC-5C

0.1

SCC-1D
SCC-2D

0.0

-0.1

-0.2
A

A-S

Figure 17. Influence of submerging the hose on the change in spacing factor at medium
flow rates.
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Figure 18. Influence of submerging the hose on the change in spacing factor.

3.2.4. Difference Between F and A Configuration. The mixtures with relatively
high air contents do not experience substantial fluctuations in the change in spacing factor
due the boom position, but a slight (0.04 mm, in average) and consistent increase from A
to F can be observed (Figure 19). The spacing factor shows higher sensitivity when pumped
in A configuration except for CVC-1, which had low air content (Figure 20). The latter
result could be deviating from the general trend as this concrete might have been prevented
to flow under gravity in the downward pipe section due to its high stiffness.
SCC mixtures SCC-3D and SCC-4D are the only mixtures with low air contents
which had experiments conducted with A and F positions (Figure 21). The A configuration
once again produced the largest increases in the spacing factor when compared with the
flat position. As a result, it appears that for SCC-3D the beneficial effect of the reducer is
nonexistent. The high fluidity of SCC-3D coupled with the low flow rate applied may have
contributed to keeping the descending portion of the boom partially full regardless of the
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presence of the reducer, allowing the concrete to fall freely and cause permanent loss of
air. When the flow rate is increased, the additional pressure caused by the reducer is thought
to keep the descending pipeline full, limiting the exposure of the air bubbles to negative
pressures and reducing the increase in the spacing factor. Pumping the same mixture in F
position reduces significantly the change in the spacing factor. SCC-4D was less flowable,
more resistant to static segregation, and had greater initial air content than SCC-3D. All
these factors may have contributed to the existence of a more robust air void system. In
addition, it seems to be beneficial for SCC-4D to be pumped at high flow rates, as it may
prevent the pipeline from emptying by gravity and bursting the air bubbles as well.
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Figure 19. Change in spacing factor in A and F configuration for SCC.
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Figure 20. Change in spacing factor in A and F configuration for HWC/CVC.
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Figure 21. Change in spacing factor in A and F configuration for SCC mixtures.

3.2.5. Influence of Mix Design. So far, it has been shown that the results show
strong dependencies on the mixtures themselves. Mixed results can be observed on
experiments conducted under similar conditions but different mix designs. Besides the
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workability and air content levels achieved by changing the chemical admixtures
proportions, types and brands, there are no other differences among mixtures designs, apart
from omitting the fly ash in SCC-3D and SCC-4D. Table 7 summarizes the superplasticizer
and air entraining agent used for every mixture. In addition, the average delta spacing factor
of each mixture, taken as the average over all pumped specimens, as well as the average of
the absolute values of delta spacing factor are included. The average delta spacing factor
indicates how much a concrete mix design is influenced by any pumping condition. A value
close to zero means that, among all experiments conducted, the spacing factor appears
unaffected, on average. If the average delta spacing factor is negative, pumping has a
beneficial effect, if it is positive, it has a negative effect. The average of the absolute values
of delta spacing factor is calculated to show the sensitivity of a mixture’s spacing factor to
pumping. The smaller this value, the less changes this mixture undergoes overall. The
average of the absolute values was introduced as some mixtures showed large positive and
negative changes in spacing factor, which are lost when taking the average. The majority
of the discussion below focuses on the sensitivity of the mixtures, based on the average of
the absolute values of the change in spacing factor.
SCC-1C and SCC-2C were mixtures with the least sensitivity. It can be noted that
these SCC mixtures had high initial air contents and were produced with AEA 2 and PCE
3. HWC-1A, HWC-2A, HWC-3A and HWC-4A were mixtures with high air contents as
well. These show relatively low sensitivity to the conducted experiments. As can be seen
on SCC-1A and SCC-2A, high air contents in SCC mixtures do not ensure less sensitivity
to pumping by default. These mixtures where produced with PCE 1 and AEA 1, yet they
display large variations on the spacing factor. SCC-1B shows low sensitivity. This might
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be attributed to the different PCE from the same supplier as PCE 1, although there is only
one mixture with this product. Most of the mixtures that included PNS superplasticizer,
had the largest overall sensitivity.
Overall, there seems to be some distinction between mixtures, based on initial
workability levels, initial air content and added products. From the results, it seems that
higher initial air contents deliver better results, as SCC-1C and SCC-2C were less sensitive
than SCC-3C, SCC-4C, HWC-1C and SCC-5C. A reduction in workability also appears to
reduce sensitivity: HWC-1A, HWC-2A, HWC-3A and HWC-4A showed less sensitivity
compared to SCC-1A and SCC-2A. On the other hand HWC-1C was not distinctly
different from SCC-3C, SCC-4C and SCC-5C. Also, a distinction could be made based on
the chosen admixtures, as the mixtures with PNS (SCC-1D, SCC-2D, SCC-3D and SCC4D) showed the largest sensitivity, and there was some dependency on the PCE-AEA types.
The exact reason is unclear, but it could potentially be attributed to the stability of the
formed bubble system, and the permeability of the air bubble-water interface. Other
reasons could be slightly different levels of viscosity (as the PNS required VMA,
increasing pumping pressure), or the difference could be attributed to the selected dosage
of the admixtures. AEA dosages were selected based on the total amount of air in trial
batches. This includes the entrained air by the AEA, but also the air generated by the PCE.
Increasing AEA dosage should increase the amount of stabilized air, which should decrease
sensitivity of the air-void system. A more detailed investigation is needed to evaluate which
of these factors affect the sensitivity of the spacing factor due to pumping predominantly.
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Table 7. Average change in spacing factor and average of absolute values of change in
spacing factor for the pumped mixtures.
Mixture

Superplasticizer

SCC-3D
SCC-4D
SCC-1D
SCC-2A
SCC-2D
CVC-1
SCC-1A
SCC-3C
HWC-2A
HWC-1C
HWC-4A
SCC-5C
SCC-1C
HWC-3A
SCC-2C
HWC-1A
SCC-4C
SCC-1B

PNS
PNS
PNS
PCE 1
PNS
PCE 1
PCE 3
PCE 1
PCE 3
PCE 1
PCE 3
PCE 3
PCE 1
PCE 3
PCE 1
PCE 3
PCE 2

Air
entraining agent
AEA 2
AEA 2
AEA 2
AEA 1
AEA 2
AEA 1
AEA 1
AEA 2
AEA 1
AEA 2
AEA 1
AEA 2
AEA 2
AEA 1
AEA 2
AEA 1
AEA 2
AEA 1

Avg. delta
spacing factor (mm)
0.212
-0.107
0.046
-0.099
0.013
0.026
0.084
0.029
-0.018
-0.033
0.017
-0.038
-0.015
0.023
-0.002
-0.008
0.026
0.015

Avg. absolute delta
spacing factor (mm)
0.212
0.107
0.106
0.099
0.093
0.087
0.084
0.082
0.061
0.058
0.056
0.048
0.043
0.037
0.033
0.032
0.03
0.029

4. CONCLUSIONS

A series of pumping experiments were executed between 2017 and 2019 to evaluate
the sensitivity of the spacing factor to different pumping conditions, including flow rate,
boom configuration, the use of a reducer and submerging the pumping hose. 18 concrete
mixtures, most of them with high flowability, were evaluated.


The spacing factor as determined by means of the Rapid Air 457 shows more
consistent results when all voids smaller than 30 μm are discarded. If a flat bed
scanner is the only option available for characterization of the air-void system
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parameters, the determination of the binary threshold prior the image analysis
routine must be chosen carefully, as it may strongly influence the results.


The mix design has a strong influence on the sensitivity of the spacing factor. The
SCC mixtures made with PCE 3 and high air contents were the least sensitive when
compared with their low air content counterparts. The concretes made with PNS
superplasticizer showed the largest overall sensitivity, and the less flowable HWC
mixtures showed slightly lower sensitivity compared to the SCC mixtures with
similar admixture combinations.



It is not clear how the flow rate influences the changes observed on the spacing
factor of the SCC with low air contents due to results pointing in opposite
directions. As such, more research is warranted on the dissolution mechanisms of
air under alternating pressure shocks. Attributing a larger change in the air-void
system with higher flow rates might not always be adequate, as demonstrated by
the results.



The spacing factor of the concrete pumped through the reducer appears to be
beneficial with some exceptions, especially for the mixtures with PNS. Previous
research has attributed a potential negative effect due to mixtures becoming more
fluid, but the workability results due not fully prove this statement for the examined
mixtures.



To keep the hose submerged as the concrete is discharged caused the change in
spacing factor to either remain constant or to increase.



The spacing factor of properly air-entrained concrete was not sensitive to changes
in the boom position, but former research results on CVC, indicating that the air-
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void system is more negatively affected in a A-configuration compared to a flat
setup, are confirmed for HWC and SCC.


An in-depth study on air dissolution under pressure with different admixtures
combinations and laboratory-controlled conditions is needed to gain a better
understanding on how their chemistry and dosage affect the dissolution and
reappearance of entrained air. The research team suspects that many factors have
sometimes contradictory effects on the system, and the problem appears even more
complex with highly flowable mixtures. The results do not show uniform influences
for each of the pumping conditions, indicating the complexity of this problem. It
should be kept in mind that some of the recommended solutions for CVC may
actually worsen the problem for HWC and SCC. Mock-up tests and an open mind
to solutions are strongly recommended.
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ABSTRACT

Concrete pumping is a very common placing technique that offers plenty of
versatility for reaching hard spots in intricate jobsites. The pump parameters chosen for a
given applications could cause detrimental changes in the fresh properties of concrete like
workability and air content. Both properties can directly impact the future performance of
the concrete. The biggest concern related to changes in the fresh air content comes from
the close relationship between volume of entrained air and the frost durability of concrete.
Construction specifications often require the contractor to place concrete with a minimum
total percentage of air, which becomes a problem if the resulting air content is out of
tolerance after pumping. The situation with Highly Workable Concrete (HWC) is worse in
the sense that it is more prone to permanent air losses. This research work shows that for
the evaluated HWC mix designs the changes in the fresh air content do not correlate with
changes in the frost-related durability. Instead, the changes in spacing factor are more
suitable to develop guidelines to minimize the negative impact of pumping on frost-related
durability concerns.
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1. INTRODUCTION

Air plays a crucial role in the durability of concrete exposed to cold weather [1].
Therefore, construction specifications require contractors to include a minimum percentage
of air per unit volume of concrete to ensure adequate durability [2]. The percentage of air
is usually chosen taking in consideration, at the minimum, the severity of the exposure
conditions and the size of the coarse aggregate [3]. It has been known for more than 70
years that the durability of concrete does not directly depend on the volume of air entrained
but on the closeness of the resulting air voids in the hardened concrete [4,5]. In other words,
for the same air volume, finer air voids will be closer to each other than coarser air voids.
The critical spacing between air voids is known as the “spacing factor” and is often reported
to be 0.2 mm maximum [1, 4,5]. It allows the water from the capillary network to reach an
air void and freeze before the hydraulic pressure caused by the flow of water cracks the
paste at natural cooling rates [1]. Such low spacing factor cannot be achieved only relying
on the entrapped air collected during mixing as the size distribution of the resulting air
voids is rather coarse [6]. The inclusion of Air Entraining Admixtures (AEA) allows the
stabilization of high volumes of microscopic air voids that do not coalesce easily and are
very closely spaced to each other [7], which provides the protection that concrete exposed
to freezing temperatures needs [6]. Since the spacing factor is typically measured in
polished cross-sections of hardened concrete specimens with a microscope, it is a
parameter that can only be measured after the concrete has set and it is more practical to
assume at the jobsite for quality control purposes that the AEA will deliver acceptable
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spacing factors if certain percentage of air is successfully entrained when concrete is still
fresh.
The air void system formed after mixing is sensitive to the way concrete is handled,
placed and finished [8]. One of the most common procedures to cause changes in the air
void system is pumping [8-18]. When concrete is pumped, it is pressurized, and the air
bubbles are in risk of being partially or completely dissolved in the interstitial water at the
surrounding of the air bubbles depending on the pressure reached and the water available
to carry the volume of dissolved gas [8-11]. In some cases, air losses of up to 1.5% are
expected but that is not a good indicator of the future durability performance of the concrete
[19]. This research work shows that the changes in the fresh air content do not necessarily
correlates with changes in the spacing factor due to pumping, and, there is no argument
that air losses due to pumping relate to durability changes.

2. MATERIALS AND METHODS

The concrete mixtures and constituent materials are identical to the mixtures
included in [20]. Details on material properties can be found in that contribution, and a
summary is listed below.

2.1. MATERIALS
2.1.1. Constituent Materials. The concretes mixtures evaluated in this project
were composed by two different types of binder systems. The first sixteen mixtures had a
binder system composed by a combined mass of portland cement type I (75%) and Class
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C fly ash (25%). The last two mixtures did not contain fly ash. The coarse aggregate was
crushed limestone with nominal maximum size of 9.5 mm.
The chemical admixtures used can be grouped in six major types: air entrainer
(AEA), superplasticizers (SP), retarders (R), workability retention (WR), viscosity
modifier (VMA) and defoamer (DEF). The admixtures were supplied by two different
manufacturers. Each concrete mixture contained admixtures of only one manufacturer to
ensure compatibility. Only one distinction is made within the superplasticizer group; the
chemical base of superplasticizers 1, 2 and 3 were polycarboxylate ether (PCE), while
superplasticizer 4 was based on the polynaphtalene-sulfunate (PNS) technology.
2.1.2. Mix Design. The base mix design was composed of 420 kg/m3 of binder,
189 kg/m3 of water, 759 kg/m3 of coarse aggregate and 927 kg/m3 of fine aggregate. The
w/cm was equal to 0.45. From mixtures 1 to 16, the binder fraction was composed of 315
kg/m3 of cement and 105 kg/m3 of class C fly ash. Mixtures 17 and 18 did not had fly ash
in their composition. The admixture doses and combinations were the factors that made
each mix design unique (Table 1). The mixtures were classified according to the
workability shown after mixing. If the slump flow value was smaller than 580 mm, the
mixture was classified as HWC or SCC if the slump flow was greater than 580 mm. There
was only one mixture with no superplasticizer that was classified as “conventional vibrated
concrete” (CVC) as its initial slump was 130 mm. In order to identify each mix design,
these were labeled based on its workability class (SCC, HWC or CVC), order of production
and a designated letter from A to D to indicate the type of superplasticizer used. Therefore,
the code name SCC-3C indicates that the mix is the third SCC made with superplasticizer
C.
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Table 1. Admixtures dosages per mix design.
Mix

ID

Admixtures (kg/m3)

Batch

size (m3) AEA-A AEA-B PCE-A PCE-B PCE-C PCE-D RT-A RT-B WR-1 WR-2 DEF VMA

M1 SCC-1A

4.59

0.13

0.87

0.78

1.05

M2 HWC-1A

5.73

0.13

0.77

0.79

1.05

M3 HWC-2A

5.73

0.13

0.61

0.72

1.05

M4 HWC-3A

5.73

0.13

0.44

0.79

0.79

M5 CVC-1

5.73

0.07

0.62

0.79

M6 HWC-4A

5.73

0.07

0.82

1.05

1.05

M7 SCC-2A

5.73

0.07

0.96

1.05

0.79

M8 SCC-1B

5.73

0.07

0.79

0.79

M9 SCC-1C

5.73

0.03

0.44

0.35

1.78

M10 SCC-2C

5.73

0.03

0.44

0.70

1.78

M11 SCC-3C

5.35

0.03

0.36

0.43

1.92 0.75

M12 SCC-4C

5.35

0.09

0.28

0.43

1.92 0.19

M13 HWC-1C

5.35

0.09

0.19

0.65

1.21 0.21

M14 SCC-5C

5.35

0.14

0.37

0.49

1.72 0.19

M15 SCC-1D

5.73

0.27

5.55

0.82

3.93

M16 SCC-2D

5.73

0.70

3.70

0.82

2.62

M17 SCC-3D

5.73

0.42

4.69

1.09

2.62

M18 SCC-4D

5.73

0.55

2.05

1.09

1.09

0.37

2.1.1. Mixing Procedure. The concrete mixtures were prepared in a ready-mix
plant. The AEA were added manually in the truck and mixed with the aggregates and part
of the mixing water. After the cementitious materials were added, the rest of the admixtures
were incorporated to the mixture allowing 2 to 4 minutes of mixing in between each other.
A sample from the mixing truck was retrieved to verify that the slump/slump flow and air
content of the mixture were close to the expected target values. Extra dosages of SP were
added if the initial workability was unsatisfactory for the purposes of the experimental plan.
The initial air content resulted to be the hardest parameter to control since very low
additions of AEA were needed due to the air-generating side effect of the PCE
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superplasticizers. A defoaming admixture was supplied by manufacturer B to try to correct
high air contents and resulted to be so efficient that if it was overdone, the concrete would
be close to be devoid of air. In such occasions, extra additions of AEA were done to remedy
the situation but these were inefficient in the sense that the air only increased back
momentously, and it would be lost again shortly. The initial properties of the prepared
mixtures were recorded right after the final adjustments of the mixture were done (Table
2) and before the pumping experiments started.
2.1.2. Pumping. The pump used to conduct the experiments is a truck-mounted
piston pump. The boom was composed by four articulated sections with a total length of
40 m. Two basic boom positions were used. The first required the boom to be fully
horizontally extended (flat) and for the second one, the boom was positioned in A-shape.
The A-shape forced the concrete to ascend approximately 20 m and then to suddenly
descend vertically for the remaining portion of the pipeline. The pump was equipped with
pipes with a diameter of 125 mm. Two additional boom adjustments were employed, the
first involved a pipe diameter reducer with an end diameter of 100 mm with approximately
3 m length and the second one required that the discharge hose was constantly submerged
about 0.2 m in the discharged concrete. Each experiment required approximately 0.7 m 3 of
concrete to completely fill the pipeline with new concrete and to ensure that the sampled
concrete was subjected to the imposed pumping conditions by pushing the remaining
concrete of the previous test out of the pipes. The flow rate was set to low, medium and
high levels according to the capabilities of the pump. The time taken to complete 7 piston
strokes and the piston volume were used to calculate the flow rate in l/s assuming that the
pistons were completely full every time. Table 3 shows the experiments performed for
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every mix design. The nomenclature of each experiment is composed by the boom position,
modifications and flow rate. The boom positions are represented by a letter “F” (flat) or
“A” (A-shape frame), the reducer is indicated by the letter “R” and the immersion of the
hose in the concrete by the letter “S”. Lastly, the flow rate is indicated in l/s by the numeric
values.

Table 2. Initial slump/slump flow, density and, air content of the evaluated mix designs.
Air

Mix

ID

Slump
flow
(mm)

M1

SCC-1A

590

2216

7.5

M2

HWC-1A

555

2219

8.2

M3

HWC-2A

480

2253

6.6

M4

HWC-3A

490

2225

7.5

M5

CVC-1

*130

2367

3.2

M6

HWC-4A

575

2235

9.2

M7

SCC-2A

790

2215

6.7

M8

SCC-1B

710

2246

8.0

M9

SCC-1C

655

2216

8.2

M10

SCC-2C

790

2220

6.9

M11

SCC-3C

690

2330

0.7

M12

SCC-4C

610

2310

3.1

M13

HWC-1C

445

2266

5.4

M14

SCC-5C

685

2304

3.1

M15

SCC-1D

780

2273

2.8

M16

SCC-2D

690

2298

3.1

M17

SCC-3D

800

2267

2.5

M18

SCC-4D

645

2298

4.4

*Slump test result

Density
(kg/m3)

[C231]
(%)
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Table 3. Experiments conducted per mix design.
Experiment
1
2
3
4
SCC-1A
A-R-14.6
A-11.1
F-10.3
F-17.2
HWC-1A
F-19.1
F-7.5
F-28.9
A-11.1
HWC-2A A-R-S-20.8 A-R-20.0
A-20.2
F-20.3
HWC-3A
F-5.9
F-7.5
F-28.9
A-11.1
CVC-1
F-5.7
F-16.8
F-32.0
A-22.3
HWC-4A
F-18.7
F-36.4
F-6.4
A-11.1
SCC-2A
A-R-S-19.1 A-R-22.6
A-21.3
F-21.1
SCC-1B
F-1.4
F-35.6
F-21.8
A-20.9
SCC-1C
A-R-S-21.2 A-R-20.3
A-20.4
F-22.7
SCC-2C
F-1.8
F-37.2
F-21.5
A-21.5
SCC-3C
A-26.0
A-S-25.0
A-6.1
A-S-6.0
SCC-4C
A-27.3
A-S-26.2
A-6.6
A-S-8.6
HWC-1C
A-32.1
A-S-31.9
A-5.5
A-S-5.5
SCC-5C
A-25.9
A-S-26.7
A-5.6
A-S-5.5
SCC-1D
A-S-29.1
A-S-5.6
A-5.6
A-29.1
SCC-2D
A-S-29.1
A-S-5.6
A-5.6
A-30.5
SCC-3D
A-R-5.6
A-R-S-5.6
A-R-40.8
F-R-5.7
SCC-4D
F-R-6.6
F-R-46.5 F-R-S-46.6 F-R-S-6.2
* 4.90 m rubber hose added at the end of the boom
Name ID

5
A-R-18.6
F-33.2
A-R-13.2
A-R-19.4
F-38.0
A-R-S-21.1
F-37.8
A-R-22.1
A-R-25.8*
A-R-24.7
A-R-32.5
A-R-26.0
A-R-28.0
A-R-29.1
F-R-40.5
A-R-46.5

6
A-R-S-20.5
F-5.2
A-R-S-11.7
A-R-S-18.5
F-1.1
A-R-20.4
F-2.1
A-R-S-21.5
A-R-7.3
A-R-5.3
A-R-5.5
A-R-5.5
A-R-5.5
A-R-S-46.5

2.2. METHODS
2.2.1. Workability and Fresh Air Content. The workability of the concrete was
measured in accordance with ASTM C143/C143M-15 and C1611/C1611-18 depending if
the concrete in question could be classified as CVC or HWC/SCC. The HWC samples
required a reduced consolidation procedure in comparison to the CVC to prevent
segregation detailed in [21]. In order to classify one concrete as HWC, the slump flow had
to be between 350 and 580 mm. The consolidation procedure to follow by all other tests
was dictated by the first slump/slump flow value obtained from a sample of the mixing
truck and once it was determined, the procedure was kept for all tests for that mixture. The
initial fresh air content was determined according to the procedure B specified in ASTM
C231 from a sample extracted from the mixing truck. Similarly to the workability
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assessment protocol, the consolidation procedure was deviated from the standard for HWC
to prevent segregation. More details on the procedures can be found in the first paper.
2.2.2. Freeze-Thaw Resistance. The freeze-thaw resistance was evaluated
following method “A” described in ASTM C666/C666M-15 with some deviations. The
dimensions of the specimens were 75 x 100 x 405 mm. This standard requires the
evaluation of at least two specimens from the same mixture, which was not possible due to
the large volume of samples produced and the limited testing capacity of the freeze-thaw
chamber. Every pumping day, during which two mixtures were pumped, generated 18
beams, while the test chamber can condition only 16 specimens at the same time.
Therefore, the specimens cast with the concrete sampled from the middle portion of the
truck were not tested to guarantee that all other specimens are subjected to the same
treatment. The tested specimens were subjected to a maximum of 468 cycles in order
extend the deterioration of the samples that show little freeze-thaw damage. The cycles
were set from -18 °C to 4 °C with an approximate duration of 6 h per cycle. The
deterioration of the samples was measured using UPV (Ultrasound pulse velocity) [1]
every 36 cycles and the Relative Dynamic Modulus of Elasticity (RDMOE) was calculated
with Equation 1:
𝑅𝐷𝑀𝑂𝐸 =

𝑣
𝑣

× 100

(1)

where 𝑣 is the ultrasonic pulse velocity at 𝑐 cycles and 𝑣 is the initial ultrasound pulse
velocity measured at zero cycles of freezing and thawing. The passing threshold of this test
requires the samples to endure at least 300 cycles with a RDMOE higher than 60%.
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2.2.3. De-icer Scaling Resistance. One block of 200 x 200 x 90 mm was cast per
pumped and mixing truck sample to determine the scaling resistance produced by de-icer
salts. The sample preparation and test were conducted according to ASTM C672/C672M12. The samples were cured 14 days in a moist room. Following the curing period, the
samples were let dry for an additional 14 days and a dike on top of the specimens was
installed with water-proof caulk. Once the caulk reached its water-proof age, the samples
were covered with approximately 6 mm (250 ml) of 4% solution of CaCl 2. The freeze-thaw
cycles were performed in an automatic environmental chamber set to hold -18 °C for 16
hours followed by 6 hours at 23 °C with allowing one hour of transition between these
extreme temperatures. The cycles were performed in rounds of 5, and at the end of each
round the surface of the samples were flushed with clean water over a #100 sieve to catch
all scaled material and returned to the environmental chamber with a fresh CaCl 2 solution
for another 5 cycles. The scaled material was dried for 24 hours at 105 °C and weighted.
The accumulated scaled mass in grams per m 2 was reported after 50 cycles.
2.2.4. Characterization of the Air Void System. The samples used for this test
were obtained from 100 x 200 mm cylinders disc cut after 28 days of curing. The curing
was done so the paste was strong enough to prevent the sand grains from being removed
by the saw blade and leaving an open socket behind which could be counted as an air void
during the test. The concrete discs were polished as indicated in [22] and the quality of the
polishing was assessed visually with the augmented lens of the “Rapid Air 457” (RA-457)
apparatus in various spots of the sample. If sample did not show scratches or groove marks,
the surface contrast was enhanced as described in ASTM C457/457M-16 using fine barium
sulfate to accentuate the air voids in white. The voids in the aggregates were blackened
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using a common permanent marker and the sample was coated with a thin layer of mineral
oil before starting the test.
The RA-457 test routine requires that the user sets few parameters before running
a fully automatized linear traverse test [22]. One of these parameters is the binary threshold,
which was set to 145. The software uses this value to convert a shade of grays in white and
black and distinguish between an air void and everything else. The second parameter that
the software needs is the paste content, which can be estimated manually using the
modified point count procedure [22] or obtained from the mix design. Since more than 130
samples had to be analyzed, the paste content was obtained from the mix design and set to
38% for all the samples. Each sample was tested 6 times, slightly rotating the sample before
each run as the results are influenced by the traversed path on the sample. The air voids
smaller than 30 μm were not considered for the hardened air content and spacing factor
calculations [20]. More details on the hardened air-void system procedure can be found in
[20].
2.2.5. Field Data Processing and Analysis. All properties of the concrete in the
mixing truck were determined three times across the duration of the pumping experiments.
The collected data was used to generate a baseline that represented the evolution of each
property of the concrete in the truck. As the concrete in the truck experienced agitation,
temperature changes and the gradual reduction of the batch volume, the concrete was
expected to change. The sampling was done before (BT), middle (MT) and after all the
pumping tests (AT) were concluded. In some occasions the last truck sampling was done
before the last pump experiment as there was the doubt if the volume of remaining concrete
in the truck would be sufficient to run both tests. The differences between the pumping
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tests and the truck baseline allow to quantify the effect of pumping parameters on the fresh
air content (Figure 1) and other parameters.
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Figure 1. Calculation of the delta fresh air content.

3. RESULTS AND DISCUSSION

3.1. HOW DOES PUMPING AFFECT FRESH CONCRETE AIR CONTENT?
Tables 4, 5 and 6, represent the change in air content due to pumping for the
different experiments. A positive number indicates an air increase, a negative number is an
air loss due to pumping. Table 4 shows the mixtures with initial high air contents, except
for CVC 1. Table 5 shows the SCC/HWC mixtures with defoamer, and two mixtures with
PNS, all having lower initial air contents. Table 6 contains the last two mixtures with PNS,
as these are separate from the other mixtures due to different pumping conditions. The
following analyses discuss the changes in air content induced by each single pumping

141
parameter. This can be performed when all other parameters are approximately constant.
For example for HWC-1A, the effect of flow rate can be determined by comparing the
three F-configuration results. The effect of the reducer can be seen by comparing A-R to
A, the effect of submerging by comparing A-R-S to A-R. For each configuration
comparison, the flow rate needs to be approximately constant. Flow rate results can be
found in Table 3.

Table 4. Change in air content for all mixtures with high initial air contents. A positive
number indicates the concrete has gained air due to pumping.
Mixture
SCC-1A
HWC-1A
HWC-2A
HWC-3A
CVC-1
HWC-4A
SCC-2A
SCC-1B
SCC-1C
SCC-2C

A
-1.1
0.0
-0.2
-3.2
-0.1
-1.5
-0.9
-0.6
0.6
1.0

A-R
-0.3
-0.1
-3.1
-1.5
-1.2
-0.4
-0.7
0.0

A-R-S
0.8
0.7
-3.3
-0.9
-1.1
0.2
-0.5
-0.6

Experiment
F-lowQ F-medQ
0.7
0.1
-0.6
-0.6
-0.5
0.1
-1.5
-2.1
-0.2
-0.2
-1.9
-2.6
-1.5
0.6
-4.3
0.2
-1.6
-0.2
-0.8
0.1

F-highQ
-0.1
1.2
-2.4
0.1
-0.8
1.0
0.7
0.4
0.3

Table 5. Change in air content for all mixtures with low initial air contents, except for
SCC-3D and 4D.
Mixture

Experiment
A-lowQ

A-highQ

A-R-lowQ

A-R-highQ

A-R-S-lowQ

A-R-S-highQ

SCC-3C

0.3

0.4

-

0.0

0.5

0.3

SCC-4C

0.3

-0.8

-0.4

-0.7

-0.1

-0.9

HWC-1C

0.2

-0.6

-1.0

-1.1

0.2

-0.3

SCC-5C

-0.1

1.0

0.7

1.1

1.2

0.6

SCC-1D

-0.1

0.3

0.1

0.8

0.2

0.0

SCC-2D

-0.5

-0.2

0.5

0.4

-0.9

-0.5
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Table 6. Change in air content for mixtures SCC-3D and 4D.
Mixture
SCC-3D
SCC-4D

A-RlowQ
-0.6

A-RhighQ
0.7
0.8

A-R-SlowQ
0.0

Experiment
A-R-SF-RhighQ
lowQ
0.5
1.2
-2.0

F-RhighQ
1.4
-0.4

F-R-SlowQ

F-R-ShighQ

-0.7

-0.5

3.1.1. Effect of Flow Rate. In order to tell if changes in air content are significant,
the average precision of the test method can be used. According to ASTM C231, the result
of the test when performed on the same material is expected to vary from ±0.33% to
±0.88% for air contents between 3 and 8%, respectively [23]. From Table 5, it can be
deducted that increasing the flow rate caused significant changes for mixtures SCC-4C,
HWC-1C and SCC-5C. Also, from Table 5, it can be observed that when the concrete is
pumped at low flow rates while keeping the discharge hose submerged, the air content
seems to be more prone to increase. At high flow rates the magnitude of change is slightly
decreased, except for the mixture SCC-4C. Focusing on the pumping tests with a reducer
at high and low flow rate for the results in Table 5, the effect of the reducer depends on the
mix design. It can either increase or decrease the air content of the sample independently
of the applied flow rate, as the changes of the air content from low to high flow rates are
significant only for the mixtures SCC-1D and SCC-3D.
The effect flow rate in flat configuration can mainly be observed for mixtures with
high air contents, based on the results in Table 4. Regardless of the initial workability level
(HWC or SCC), pumping at low flow rates induces substantial changes in the air content
of the mixtures. These changes are typically reductions in air contents. The difference
between the pumped samples and the truck samples is reduced as the flow rate increases.
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Despite that the air content of SCC mixtures seems to be more sensitive at low flow rates,
the air contents of the SCC mixtures get closer to the baseline at moderate and high flow
rates, compared to the HWC/CVC counterparts. Therefore, the largest losses of air happen
at the lowest flow rates in F configuration. Similar results are observed for mixtures SCC3D and 4D pumped in F configuration (Table 6). It was expected that the air loss would be
minimal when pumping at low flow rates with the boom in F configuration because the
pressure is low and there are no sudden changes from positive to negative pressures in the
pipeline. However, the opposite was observed. It might be that the impact of the concrete
in the reservoir may have a non-negligible influence.
3.1.2. Effect of Reducer. The effect of the reducer can be determined by
comparing test results from A-R to A at similar flow rates, from Table 4 and5. For
verification, the flow rates are indicated in Table 3 and the comparison is only possible if
the flow rate is approximately equal in between both tests. Overall, all mixtures that lost
air due to pumping in A configuration, lost a very similar percentage of air despite of the
reducer. The differences between pumping in A and A-R are within the precision of the
test method except for mixtures SCC-1C and SCC-2C. In these latter cases, the air gain
caused by pumping without a reducer was lost when installing the reducer. Therefore, the
reducer did not help to prevent the air loss in most of the cases. The only exceptions are
mixtures SCC-5C and SCC-2D.
3.1.3. Effect of Submerging the Hose. The effect of submerging the hose in
previously discharged concrete to minimize the negative pressure in the descending section
of the boom can be deducted by comparing A-R-S to A-R results in Table 4, A-S to A
results in Table 5, and F-R-S or A-R-S to F-R or A-R results, respectively, in Table 6.
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Again, for the comparison to be valid, only results at approximately equal flow rates can
be compared. For mixtures with high initial air contents (Table 4), there is not a substantial
benefit in submerging the discharge of the pump. The results even appear strongly
dependent on the mix design, since this approach may help with certain mixtures but
worsen the effect for others. For the mixtures with low initial air contents in Table 5, little
variation in change in air content was observed at low or high flow rates, as well as no
apparent reduction of variability when the hose was kept submerged in the previously
discharged concrete. The exception is mixture SCC-5C, whose air content increased by
more than 1% due to submerging. The results in Table 6 show for three out of the four
comparisons a reduction in air loss or a more pronounced gain in air content when
submerging the hose. For SCC-4D at high flow rate in flat configuration, no substantial
difference was observed.
3.1.4. Effect of Boom Position. To evaluate the effect of the boom configuration,
only the results from Table 5 and 6 can be used. Again, it is crucial to compare results at
approximately equal flow rate, which is typically the medium flow rate for Table 5. In
general, the change in air content shows more variations in the A compared to F
configuration, which seems more noticeable for the SCC mixtures, compared to the HWC
mixtures. However, there is no clear trend in which configuration has a more positive or
negative influence, as strong dependency on the mix design is observed.
3.1.5. Summary and Comparison with Spacing Factor Results. Based on the
trends observed for the spacing factor in the previous paper, and the trends observed here,
the following comparison can be made:
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Effect of flow rate: the effect of flow rate on spacing factor is variable and mix
design dependent. For the air content, it seems that lower flow rates result in more
significant air losses.



Effect of reducer: Apart from a couple of exceptions, using a reducer is generally
beneficial to preserve the spacing factor. For the air content, it seems that the
reducer has no significant beneficial effect on maintaining the air content, or
limiting the air loss.



Effect of submerging the discharge hose: Submerging the discharge hose seems to
have, generally, either no effect or a beneficial influence on reducing air losses due
to pumping. However, submerging the discharge hose appears to have no positive
effect on the spacing factor.



Effect of boom configuration: Apart from a reduction in variability in the changes
in air content when switching from A to F configuration, there seems no clear
influence on the air content. The spacing factor though seems to be less negatively
affected when pumping in F configuration.
As can be seen, the general conclusions on the effect of pumping on air content and

on spacing factor do not show the same trends. Although there is a correlation between air
content and spacing factor, pumping operations appear to influence the air content and airvoid distribution in two different ways. This is illustrated in Figure 2, showing the lack of
correlation between the change in air content and the change in spacing factor. According
to the law of conservation of mass, air content changes need to occur after discharge, as
either more air is entrapped, or air bubbles are removed. Coalescence of air bubbles during
pumping can aid in air removal. Air-void distribution modifications can occur due to
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impact of concrete but are hypothesized to be mainly caused by the pressure dissolution
and shearing effects, as explained in the other paper.
As pumping has a different, and something opposing effect on air content and
spacing factor, it can be questioned which one must be controlled to ensure adequate frostrelated durability. Intuitively and based on literature, one should be more inclined to choose
the spacing factor. The durability test results, discussed in the paragraphs below, deliver
the final answer.
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Figure 2. Lack of relationship between the changes in the fresh air content and changes in
the spacing factor.

3.2. EFFECT OF PUMPING ON FREEZE-THAW DURABILITY
In order to evaluate the effect of pumping in freeze-thaw durability, 134 specimens
corresponding to all pumped and non-pumped samples were tested. All mixtures with high
initial air contents made with PCE-A showed no significant damage up to 468 cycles.
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Therefore, it was decided not to evaluate the mixtures with PCE-B and PCE-C when those
mixtures showed high initial air contents. Table 7 and 8 show the number of freeze-thaw
cycles each of the other mixtures underwent before the relative dynamic modulus fell
below 60%. Hereby, the following notes should be made: SCC-3C had the lowest air
content of all, leading some samples to fail after the first series of cycles. Similarly, SCC2D was compromised and all samples failed in between 36 and 72 samples. SCC-4C, and
HWC-1C performed adequately, as almost all samples survived all 468 cycles. This results
in only four mixtures for which a variation in freeze-thaw durability was observed, and
from those, the influence of pumping factors is not clear.

Table 7. Number of cycles survived in freeze-thaw chamber for SCC/HWC mixtures with
low initial air contents, except SCC-3D and 4D. BT and AT stand for truck samples taken
before and after all testing.
Mixture

Experiment
BT

AT

A-lowQ

A-highQ

A-R-lowQ

A-R-highQ

A-R-S-lowQ

A-R-S-highQ

SCC-3C

108

36

0

0

-

36

0

36

SCC-4C

468

468

468

216

468

468

468

468

HWC-1C

468

468

468

468

468

468

468

468

SCC-5C

468

180

-

468

180

-

468

468

SCC-1D

180

36

144

108

180

144

108

180

SCC-2D

36

36

36

36

36

36

36

36

Table 8. Number of cycles survived in freeze-thaw chamber for mixtures SCC-3D and
4D.
Experiment
Mixture

BT

AT

SCC-3D

108

108

SCC-4D

432

216

A-R-

A-R-

A-R-S-

A-R-S-

F-R-

F-R-

F-R-S-

F-R-S-

lowQ

highQ

lowQ

highQ

lowQ

highQ

lowQ

highQ

324

216

-

180

324

432

216

360

144

360

144

432
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Figure 3 shows the number of cycles each pumped sample survived as a function
of the air content measured. For the samples evaluated, the minimum air content required
to guarantee performance is 4.5%. The only exception is the single data point from SCC4C, which does not pass the freeze-thaw test despite a higher air content. Based on the
initial air-contents from Table 2, all mixtures with an initial air content above or equal to
5.4% passed the freeze-thaw test, regardless of pumping conditions. All mixtures with an
initial air content below 4.5% showed at least one test result which failed. However, there
is insufficient data from the freeze-thaw tests to indicate which pumping parameters have
a detrimental effect.
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Figure 3. Influence of the air content in fresh state as measured after pumping on the
freeze-thaw cycles endured.
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3.3. EFFECT OF THE CHANGES IN THE FRESH AIR CONTENT INDUCED
BY PUMPING ON SCALING
Figure 4 shows that all mixtures with initial air contents greater than 7% did not
show deterioration consistent with scaling damage. The threshold between durable and
non-durable concrete for this test ranges between 500 and 1500 g/m 2 as it depends on the
standards of each region. In this case, the value of 800 g/m 2 was adopted since it correlates
approximately with the visual rating of 3 – 4 specified in ASTM C 672 [24]. Figure 4 also
shows that some samples with air contents less than 7% and as low as 1.4% provided
acceptable performance with spacing factors between 0.238 and 0.712 mm.
For the analysis on pumping factors, the following mixtures were considered:
HWC-2A, HWC-3A, CVC-1, SCC-3C, SCC-4C, HWC-1C and SCC-2D. Issues with the
scaling chamber did not allow for accurate testing of the samples from mixtures SCC-5C,
SCC-1D, SCC-3D and SCC-4D, while all other remaining mixtures did not have a single
sample which failed the 800 g/m2 scaling criterion.
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Figure 4. Influence of the fresh air content in the accumulated scaled mass per square
meter.

150

Similarly as for the air content, each pumping parameter on the change in scaling
is investigated individually in the following sections, by comparing changes in scaling
values when all other parameters remain approximately constant. It should also be noted
that the scale of the Δscaling axes is adjusted for when SCC-3C is included in the figure or
not.
3.3.1. Effect of Flow Rate. Figures 5 to 8 show the influence of flow rate on the
change in scaling of the samples. A positive ΔScaling value indicates that pumping causes
more scaling. As can be seen, the effect of flow rate is variable, as in some cases, the change
in scaling becomes worse and in others, it becomes better.
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Figure 5. Change in scaling as a function of applied flow rate for mixtures with low aircontent in A configuration.
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Figure 6. Change in scaling as a function of applied flow rate for mixtures with low aircontent in A-S configuration.
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Figure 7. Change in scaling as a function of applied flow rate for mixtures with low aircontent in A-R configuration.
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Figure 8. Change in scaling as a function of applied flow rate for mixtures with high aircontents in F configuration.

3.3.2. Effect of Reducer. Figures 9 to 11 show the effect of applying a reducer. It
can be observed that only exceptionally, a larger Δscaling value is observed when the
reducer is employed. In those cases, the change in Δscaling is rather minor as well. This
means that applying a reducer either does not change, or improves the scaling behavior of
the evaluated samples.
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Figure 9. Change in scaling by using a reducer for mixtures with high air-contents.
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Figure 10. Change in scaling by using a reducer for mixtures with low air contents when
employing low flow rates.
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Figure 11. Change in scaling by using a reducer for mixtures with low air contents when
employing medium to high flow rates.

3.3.3. Effect of Submerging the Discharge Hose. Figures 12 to 14 show that
submerging the discharge hose under the concrete surface does generally not result in an
improvement in scaling resistance. On the contrary, if a change is noted, it is detrimental
for the behavior.
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Figure 12. Change in scaling by submerging the discharge hose for mixtures with high air
contents.
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Figure 13. Change in scaling by submerging the discharge hose for mixtures with low air
contents pumped at low flow rates.
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Figure 14. Change in scaling by submerging the discharge hose for mixtures with low air
contents pumped at medium to high flow rates.
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3.3.4. Effect of Boom Configuration. Figure 15 shows the effect of the boom
configuration (A or F), but due to the limited number of results, no conclusions can be
drawn.

HWC/CVC

HWC-2A

5000
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HWC-3A
3000
1000
-1000
-3000
A

F

Figure 15. Change in scaling by changing the boom configuration for mixtures HWC-2A
and 3A.

3.3.5. Summary. Based on the results on mixtures which showed non-negligible
amounts of scaling of the samples, the following trends were observed on the influence of
pumping conditions on scaling resistance:


Effect of flow rate: The effect of flow rate on the scaling is variable, with no clear
indication that a low or high flow rate will deliver a better or worse result.



Effect of reducer: If there is an effect of the reducer, it is usually beneficial for the
mixture’s scaling resistance.



Effect of submerging discharge hose: Submerging the discharge hose does not seem
to help the resistance to scaling.
Comparing these influences to the influence of pumping on air content and spacing

factor, it seems that the general trends observed for scaling and those for the spacing factor
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coincide, while the factors positively influencing the air content do not guarantee a better
scaling resistance. Based on the comparison between air content, spacing factor and salt
scaling, the changes in air content should not be trusted to determine the influence of
pumping on freeze-thaw and scaling durability. The factors influencing the spacing factor
are dictating the changes in salt scaling. As such, processes changing the air-void system
during pumping have more important consequences than those changing the air content.

3.4. CORRELATIONS BETWEEN CHANGES IN AIR CONTENT AND OTHER
FACTORS
As there seems no relationship between the change in air content and the change in
durability, can the change in air content deliver some other useful information?
Air has an effect on the workability of concrete since the air bubbles act like deformable
ball bearings that ease the friction between the aggregates. Therefore, it can be expected
that the slump/slump flow would change more or less in the same fashion as the fresh air
content would do as consequence of pumping. However, Figure 16 shows that there is not
a general correlation between the change in air content and the change in slump flow. This
means that the workability changes of SCC and HWC due to pumping are not influenced
significantly by the changes in air content but from other effects like the shearing
experienced in the pipeline.
Similarly as for the changes in slump flow, the changes in compressive strength
were compared to the changes in air content. It is known from literature that an increase in
air content leads to a decrease in strength, all other parameters remaining the same. Figure
17 shows that comparison and a correlation can be observed, albeit a weak correlation with
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some significant outliers. The slope of the line indicates a change in compressive strength
of approximately 1.2 MPa with each percent change in air. Based on an average
compressive strength of all tests of 37.3 MPa, this means that about 3.3% strength is lost
with each percent air increased. As all compressive strength values were an average of
three tests, it is likely that some other factors may affect this relationship as well.
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Figure 16. There is no correlation between the change in air content and the change in
slump flow.
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Figure 17. There is a weak correlation between the change in compressive strength and
the change in air content.
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4. CONCLUSIONS



The evaluation of several SCC and HWC mix designs pumped at different flow
rates in different boom positions was performed. The changes in the air content are
not good indicators of the performance of the concrete subjected to frost related
attacks.



Freeze-thaw and salt scaling tests were performed on the mixtures. For the
parameters in this paper, all specimens of a mix design passed the ASTM C-666
test if the initial air content was 5.4% or higher. All samples of a mix design with
at least 7.0% initial air content also passed the salt scaling test when taking 800
g/m2 as upper limit.



The pumping tests indicated more risk for air losses when concrete is pumped at
low flow rates, no discernible effect of the reducer, no substantial negative effect
when submerging the hose and no clear effect of the boom configuration.



Based on the scaling results for mixtures which showed non-negligible damage, it
seems that the influence of flow rate is variable, a reducer is not detrimental and
submerging the hose does not seem helpful in increasing scaling resistance. The
trend of these pumping factors are not in agreement with those for the air content,
but do show good agreement with the pumping factors influencing spacing factor.



With the available results, it is believed that the change in air content and the change
in spacing factor are not governed to the same extent by the same factors. Instead,
it is expected that the changes in air content and spacing factor occur at different
stages of the pumping process. Indeed, based on the conservation of mass, the
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removal of air can only take place at or after discharge, while a change in air-void
system can happen in the pipe system itself.


Although expected, the change in air content does not show any correlation with
the change in slump flow, indicating that other factors, such as shearing, influence
the workability of the concrete simultaneously.



The change in air content does show a correlation with the change in compressive
strength.
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3. CONCLUSIONS

3.1. RHEOLOGY OF AIR-ENTRAINED CEMENT PASTE UNDER PRESSURE
The influence of shear rate and bubbles size distribution on the dissolution and
reappearance of air bubbles in cement paste under pressure were investigated by means of
rheology. The following conclusions can be made:


Applying pressure on air-entrained cement paste samples causes the shear stress or
apparent viscosity at fixed shear rate to decrease. This decrease is attributed to the
decrease in entrained air, which, based on the low capillary number, mainly remains
non-deformed during the executed tests. Similarly, the differential viscosity of flow
curves determined during pressurization decreases compared to the flow curves
determined before the pressure step.



Rheological measurements of air entrained cement paste under pressure are feasible
under dynamic conditions. A typical response to pressurizing consists of an
immediate change in apparent viscosity, followed by a more gradual decrease.
Similar, but much quicker response is found when depressurizing. However, the
relative magnitudes of the immediate and gradual changes depend on a number of
factors like shear rate, bubble size distribution and air content.



Intermediate pressure steps cause a further decrease in viscosity, until a threshold
pressure, above which all air is assumed to be dissolved in the water of the cement
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paste. This threshold pressure is dependent on the amount of air in the sample,
according to Henry’s law.


For the first AEA used at low shear rate, the shear stress is fully recovered in a short
time after releasing the pressure, indicating that all air has reappeared almost
instantly. At higher shear rates, the shear stress is not fully recovered at
depressurization, which can be either attributed to an immediate loss of air, or to a
coarsening of the air-void system, rendering less air bubbles non-deformable at the
applied shear rates. With further shearing after depressurization, the shear stress
decreases with time, which is assumed to be caused by a loss of air bubbles.



The changes the air bubbles experience during pressurization are amplified by the
shear rate and the overall effect on the rheological profile dependent on the bubble
size distribution. The shear rate has a stronger effect on the rate of dissolution of air
bubbles, testified by the reduction of the relative viscosity. The fine bubble size
distributions have impact on the magnitude of the initial drop of the relative viscosity.



The disturbances caused by pressurization of the samples during oscillatory
measurements are of larger magnitude than the sample’s response for the shear strain
imposed. Therefore, the application of this technique seems to be not feasible for the
characterization of the air dissolution in cement paste with the available equipment.



Finer bubble size distributions are more susceptible to be affected by pressure if the
shear rate is high. On the other hand, the bubble size distribution of the samples
sheared at the lower shear rate were less affected. It seems that lower shear rates allow
the reappearance of the air in a more controlled way. However, air escapes in these
experiments after depressurization because there is open space on top of the inner
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cylinder, indicating that the bubbles may no longer be well-stabilized. This effect is
unlikely to occur inside the pipe but may lead to more air removal once the concrete
exits the pipeline.


In addition to the factors known to affect air dissolution: pressure, air content and airbubble size, this paper has shown two additional effects which control the dissolution
process of air: shear rate and time. Their effect is non-negligible when attempting to
describe scientifically the change in air-void system due to pumping.

3.2. MINIMIZING THE EFFECT OF PUMPING ON SCC WORKABILITY AND
FREEZE-THAW DURABILITY
A series of pumping experiments were executed between 2017 and 2019 to evaluate
the influence of pumping conditions, including flow rate, boom configuration, the use of a
reducer and submerging the pumping hose on workability and freeze-thaw durability of 18
concrete mixtures, most of them with high flowability. The following conclusions can be
made:


The spacing factor as determined by means of the Rapid Air 457 shows more
consistent results when all voids smaller than 30 μm are discarded. If a flat bed
scanner is the only option available for characterization of the air-void system
parameters, the determination of the binary threshold prior the image analysis
routine must be chosen carefully, as it may strongly influence the results.



The mix design has a strong influence on the sensitivity of the spacing factor. The
SCC mixtures made with the PCE 3 and high air contents were the least sensitive
when compared with their low air content counterparts. The concretes made with
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PNS superplasticizer showed the largest overall sensitivity, and the less flowable
HWC mixtures showed slightly lower sensitivity compared to the SCC mixtures
with similar admixture combinations.


It is not clear how the flow rate influences the changes observed on the spacing
factor of the SCC with low air contents due to results pointing in opposite
directions. As such, more research is warranted on the dissolution mechanisms of
air under alternating pressure shocks. Attributing a larger change in the air-void
system with higher flow rates might not always be adequate, as demonstrated by
the results.



Pumping flowable concrete through the reducer appears to be beneficial for the
spacing factor, compared to omitting the reducer. However, there are some strong
exceptions, especially for the mixtures with PNS. Previous research has attributed
a potential negative effect due to mixtures becoming more fluid, but the workability
results due not fully prove this statement for the examined mixtures.



To keep the hose submerged as the concrete is discharged caused the change in
spacing factor to either remain constant compared to holding the hose above trhe
concrete surface, or to increase.



The spacing factor of properly air-entrained concrete was not sensitive to changes
in the boom position, but former research results on CVC, indicating that the airvoid system is more negatively affected in a A-configuration compared to a flat
setup, are confirmed for HWC and SCC.



An in-depth study on air dissolution under pressure with different admixtures
combinations and laboratory-controlled conditions is needed to gain a better
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understanding on how their chemistry and dosage affect the dissolution and
reappearance of entrained air. It is suspected that many factors have sometimes
contradictory effects on the system, and the problem appears even more complex
with highly flowable mixtures. The results do not show uniform influences for each
of the pumping conditions, indicating the complexity of this problem. It should be
kept in mind that some of the recommended solutions for CVC may actually worsen
the problem for HWC and SCC. Mock-up tests and an open mind to solutions are
strongly recommended.


The evaluation of several SCC and HWC mix designs pumped at different flow
rates in different boom positions was performed. The changes in the air content are
not good indicators of the performance of the concrete subjected to frost related
attacks.



Freeze-thaw and salt scaling tests were performed on the mixtures. For the
parameters in this paper, all specimens of a mix design passed the ASTM C-666
test if the initial air content was 5.4% or higher. All samples of a mix design with
at least 7.0% initial air content also passed the salt scaling test when taking 800
g/m2 as upper limit.



The pumping tests indicated more risk for air losses when concrete is pumped at
low flow rates, no discernible effect of the reducer, no substantial negative effect
when submerging the hose and no clear effect of the boom configuration.



Based on the scaling results for mixtures which showed non-negligible damage, it
seems that the influence of flow rate is variable, a reducer is not detrimental and
submerging the hose does not seem helpful in increasing scaling resistance. The
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trend of these pumping factors are not in agreement with those for the air content,
but do show good agreement with the pumping factors influencing spacing factor.


With the available results, it is believed that the change in air content and the change
in spacing factor are not governed to the same extent by the same factors. Instead,
it is expected that the changes in air content and spacing factor occur at different
stages of the pumping process. Indeed, based on the conservation of mass, the
removal of air can only take place at or after discharge, while a change in air-void
system can happen in the pipe system itself.



Although expected, the change in air content does not show any correlation with
the change in slump flow, indicating that other factors, such as shearing, influence
the workability of the concrete simultaneously.



The change in air content does show a correlation with the change in compressive
strength.

4. GENERAL OVERVIEW AND RECOMMENDATIONS

After conducting and extensive experimental program to elucidate the effect of
pumping on the fresh properties and durability of SCC and HWC, the challenge is still
there. Now it is clear that SCC and HWC are susceptible to suffer detrimental changes in
their properties as the result of inadequate selection of the pumping parameters. It is also
clear that it is not possible to relate one simple variable with one effect, and that a
meticulous design of experiment with in-depth analysis of variance is needed to truly
separate the contribution of each factor and find possible interactions between factors with
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high level of confidence. Such approach would require several replications to capture the
variability involved with testing, rendering this approach costly. However, the effect of
pumping parameters on the fresh and hardened properties of concrete has stay invict for
more than 30 years and it may need extreme approaches to find the ultimate solution.


An in-depth study on air dissolution under pressure with different admixtures
combinations and laboratory-controlled conditions is needed to gain a better
understanding on how their chemistry and dosage affect the dissolution and
reappearance of entrained air. Furthermore, the experimental technique must be
refined to explore the inclusion of pressure shocks and to eliminate disturbing
effects in the rheology experiments.



The change in air content is not a good indicator of concrete’s future performance.
Tests must be performed to determine the variability on the air void system under
specific pumping conditions and if these changes could reduce the frost resistance
of concrete or not. If the variability is determined to be a problem, the effectiveness
of possible mitigation strategies must be addressed as well since some actions could
lead to unwanted results. As a results, a revision of the practical guidelines of
pumping concrete is needed to include more flowable concrete mixtures. Even the
guidelines might need to be re-written in general, as it is shown that air changes do
not show adequate agreement with changes in scaling performance.



The effect of the truck agitation for prolonged times, sampling, workability loss,
ambient temperature and sample preparation on the fresh and hardened properties
of concrete could be within the same range of the changes induced by pumping.
Therefore, it cannot be overemphasized that the implementation of a
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comprehensive design of experiments methodology is recommended to statistically
measure the interaction and significance of the input variables. Only in this way,
strong systematic trends (if any) can be explored towards a more fundamental
understanding of the problem.


Once better knowledge is gained on the combination of phenomena, both from
laboratory-scale tests on cement paste and field tests on concrete, these two
approaches can be linked to develop a fundamental model to describe air void
system changes due to pumping. In the meanwhile, experimental verification of
each series of parameters remains necessary.
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