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This study presents an investigation on the mixing efficiency of Resonance Acoustic Mixing (RAM)
Technology® using ultra-high performance concrete (UHPC). In the first part, RAM is optimized through
acceleration curve profiles, specific mixing energy, and workability spread flow tests. In the second part,
RAM is compared with a regular table top paddle mixer with regards to its effects on workability and
flow, as well as, compressive and flexural strength properties. For the UHPC used in this study results
showed that: 1) RAM was a viable mixing technology for UHPC, and 2) RAM produced samples of reduced
rheological properties, but increased mechanical properties compared to a table top paddle mixer.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Research in cement hydration, pozzolanic reactivity, particle
packing density, and cement-polymer interactions has led to the
development of ultra-high performance concrete (UHPC) [1]. UHPC
is generally defined as a concrete composite with a compressive
strength exceeding 150 MPa (22 ksi), a low water-to-binder ratio
(w/b~0.2) and a high volume (30-50%) of filler and reactive
micro-sized particles, such as cement, fly ash, quartz powder and
silica fume [2]. Producing high quality UHPC is dependent on an
efficient mixing procedure and the type of mixer used. Inadequate
mixing may lead to undesirable macroscopic effects on the fresh
and hardened state properties of the material [3]. However, a
well-mixed mixture permits the concrete constituents to distribute
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uniformly in its system such that the cementitious materials can
hydrate uniformly to create a hardened concrete homogeneous
microstructure for better performance [4]. Intensive high-shear
mixers have become the industry standard in producing well-
mixed UHPC. It has been shown that they are reliable and efficient
mixers that reduce mixing times, improve mixing energy distribu-
tions, and possess built-in power consumption monitoring [5-9].

Conversely, as the interest grows to produce UHPC as a multi-
functional material, such as with the incorporation of carbon
nano-tubes [10] or other types of nano-size particles [11-13], or
in a more economical manner, such as the utilization of local mate-
rials, higher cement replacement, or poorer quality materials
[14,15], the mixing efficiency becomes the essence of producing
high quality UHPC. This will require more research into not only
the mixing procedure, but also the type of mixer used, and hence
better understanding of current mixing technologies.

To illustrate, the powder industry employs multiple mixing
technologies such as tumbler mixers, gravity silo mixers,
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pneumatic blenders, and agitation mixers [16]. Notwithstanding,
the cement and concrete industry mainly relies on impeller agita-
tion mixers where the main mixing mechanisms are shear and
convection [17] via a blade or paddle tool. The reader is referred
to [8,18] for a more in-depth review of current concrete mixing
technologies.

Concerning cement and concrete, very little research exists uti-
lizing other types of mixers [19-22] used a paint shaker mixer to
mix cement paste and assess cement properties such as porosity,
chemical shrinkage, and silica/limestone powder activation sites
[23] employed power ultrasound-assisted mixing for concrete pro-
duction and assessed spread and compressive strength properties.
They found that the compressive strength increased, while the
spread decreased depending on the strength of the ultrasound
mixing. Nonetheless, to the authors’ knowledge mixing cementi-
tious materials with mixing technologies such as reciprocating
movement agitator mixers or bubble acoustic streaming mixers
have not been used. Reciprocating agitator mixers work by moving
the mixing medium back and forth usually by a vibrating plate to
obtain a uniform mixing distribution (Fig. 1a). The power con-
sumed by the mixing is dependent on the frequency, amplitude,
and diameter of the plate [24]. Bubble acoustic streaming mixers
exploit the acoustic frequency resonance of air bubbles to create
micro-mixing convection streaming zones around the mixing
media particles (Fig. 1b) [25].

The focus of this research is to mix UHPC by employing a novel
type of mixing technology that combines the principles of recipro-
cating movement agitation and acoustic streaming micro-mixing
zones called Resonant Acoustic® Mixing (RAM) technology. RAM
is an innovative type of mixing technology that works on vertical
reciprocating movement of springs to apply a short amplitude
and high frequency (~60 Hz) acoustic pressure wave that induces
mixing [26]. Micro-mixing zones and bulk movements of the mate-
rial are created without the contact of any mixing elements [27]. As
an in-container reciprocating movement agitator, RAM has already
shown potential in the pharmaceutical [28] and food [29] indus-
tries, and thus, could have potential in the cement and concrete
industry as well.

In this study, the authors monitored the mixing efficiency of RAM
for producing high quality UHPC through acceleration consumption
curves, specific mixing energy, and spread flow properties. Then, a
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designated UPHC mix was selected to assess its fresh state proper-
ties and mechanical properties compared to a table top paddle
mixer. The aim of this paper is twofold - 1) to test the suitability
of RAM for mixing UHPC, and 2) to investigate how RAM mixing
compares to a commonly used mixer in the cement and concrete
industry.

2. Materials and mixing methods
2.1. Properties of materials

Type I white cement conforming to ASTM C150 [30] was used in
all the mixtures. A commercially available high-range water redu-
cer conforming to ASTM C494 [31] Type A & F polycarboxylate
(PCE) superplasticizer (SP), with specific gravity of 1.06 and solid
content of 29%, was used at 1% by weight of cement (bwoc). White
silica fume (SF) and quartz powder (QP) were used as secondary
cementitious and filler materials, respectively. Aggregates con-
sisted of fine grade quartz sand (QS) with a medium particle size
of dsg ~0.18 mm and a maximum size of dy.x ~0.30 mm. Table 1
provides the mineral and physical composition of the materials
used in this study.

2.2. Mix compositions

The mixing proportions were based off the recommendations
provided in [2] and are presented in Table 2. The powder propor-
tions remained the same, while the water-to-cement (w/c) ratio
was varied between 0.25 and 0.21. The U21 series was utilized
for the comparative study with the table top mixer.

2.3. RAM overview

The principal behind Resonant Acoustic Mixing (RAM) (Butte,
MT) is illustrated in Fig. 2. The mixing system consists of a three-
mass system, spring assembly, and loaded mixing vessel. A motor
that subjects the mixing media to a reciprocating agitation move-
ment controls the spring assembly. The system attains resonance
when the stored forces in the spring and the inertia forces from
the mass equal each other. The resonance of the mechanical

Crank Vibrat
1brating
Plate Q Air &
2 S bubble <
Solid
particle

(a) - -

(b)

Fig. 1. Two examples of mixing technologies used in other industries: a) reciprocating agitation mixer in which the vibrating plate is moved by a mechanical crank according
to [23], and b) acoustic bubble microstreaming in which an air bubble resonates when subjected to a sound field of a matching resonate frequency according to [24].

Table 1
Physical and mineralogical properties of UHPC constituents.

Constituent Nomenclature CsS CS C3S+C,S CA C4AF Si0, Specific Surface Area/ Mean Particle size
White Cement Type I C 74% 13% 87% 5% 1% 395 m?/kg

White Silica Fume SF >96% dsp ~0.15 pm

White Quartz Powder QP >99% dso ~1.7 pm

Quartz Sand, fine Qs1 dso ~0.18 mm
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Table 2
UHPC mixture proportions by weight.

UHPC Mix Series Mixer Type C SF QP Qs1 Water HRWR (% of solid)
U21 R, H 1 0.25 0.25 1.01 0.21 0.01
u23 R, H 1 0.25 0.25 1.01 0.23 0.01
u25 R, H 1 0.25 0.25 1.01 0.25 0.01

Intense
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forces\ mass X i
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Fig. 2. a) The acoustic laboratory size mixer LabRAM and b) the schematic of its mixing technology [32].

system translates to the mixing media as a longitudinal acoustic
pressure wave with a short amplitude and high frequency. The
amplitude is approximately 1.27 ¢cm (0.5 in.) or less for an acceler-
ation of 100G, where G is the acceleration of gravity (9.81 m/s)
[29]. The exact frequency is affected by the vessel mass, fill level,
compressibility of the material, coupling of the material to the ves-
sel walls, material density, vessel geometry, internal vessel pres-
sure, and mixing regime. RAM adjusts its resonance frequency to
account for changes in these factors. For this study, the standard
deviation from the nominal 60 Hz resonance was approximately
2 Hz.

A lab scale version of RAM called the LabRAM (R or RM) was
used as the mixing source for this research. The LabRAM, capable
of accelerating the designated media up to 100G, was controlled
through provided OEM software called RAMWare. The frequency
input parameter was set to auto to ensure the mechanical system
stayed in resonance, the vital principle behind RAM. By keeping
the mechanical system in resonance, the force, and hence the
acceleration, can be controlled by adjusting the intensity of the
amplitude of the wave (given as ‘% mixing intensity’).

For the fundamental spring-mass-damper system (see Fig. 2b)
[33], the equation of motion is given as

& d ,
mﬁx(t) + cax(t) + kx(t) = Fo sin(wyt) (1)

where the left-hand side represents the system forces in terms of
inertia forces, with m the mass of the vessel, the mixing forces, with
c defined as the damping coefficient, and the stored forces, where k
is the spring constant; and the right-hand side is the input force, F,
and wy is the resonance frequency. Eq. (1) represents a forced,
damped mechanical vibration system. At resonance, the inertia

forces cancel the stored forces resulting in a first order differential
equation equal to

c%x(t) = Fo sin(wyt) (2)
Solving Eq. (2) for the displacement and subsequently the accel-
eration results in the following

x(t) = Acos(wyt) 3)

X(t) = —w?Acos(wyt) (4)
where A represents the peak amplitude to the driving force with
respect to the starting center point. It is directly related to the driv-
ing force, but inversely related to the damping coefficient. Eq. (4)
demonstrates that the acceleration is linearly related to the ampli-
tude. Thus, if the mechanical system is in resonance the ‘% mixing
intensity’ directly relates to the acceleration of the material. This
means, for example, an input of 70% mixing intensity results in an
acceleration of 70G.

The power at peak acceleration was developed by [34] and is
given as

AP\ tpeqi - G
Pmix = Q)peakFrms< ) peak

100/ 2nf ®)

where t;, is the total mixing time and P, is the total power that
goes into the mixture, (peq is the correction factor from peak to
root-mean-square (rms), F.,s is the machine force constant, P is
the difference in power intensity from loaded to unloaded mass,
apeak i the peak acceleration, f is the resonant frequency, and G is
the gravitational constant. The correction factor and machine force
are machine variables and are set to a value of 0.707 and 70 £4 N,
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respectively. Hence, using Eq (5) the total specific mixing energy
can be calculated as
Py - ti
E - mix mix
mx mass (6)

2.4. Sample preparation

RAM samples were prepared using the input routine given in
Fig. 3a using the following 4-step mixing protocol (Fig. 5a):

1. Mix the dry materials all together at an intensity of 95% for
120s. [2] notes that by mixing all the dry constituents first
the chance that agglomerates of very fine particles will form
is reduced. Though, contrary to [2], the authors found that
the order of placement in the mixing vessel did not make
much of a difference; however, to ensure good compaction of
the less dense materials (e.g. silica fume), aggregates were
added last;

2. After dry mixing, the routine was paused and a well was formed
in the dry mix. The water was combined with the HRWR before
being poured inside the well. The well was subsequently cov-
ered up before returning the vessel to the LabRAM;

3. The mixture mixed for 50-215s after water contact before
pausing for 30-90 s to allow the heat to dissipate and to scrape
an excess material off the sides of the vessel;

4. Finally, the mixture was subjected to an additional 60-210 s of
mixing. The response to the intensity routine (e.g. the accelera-
tion) was then recorded (Fig. 3b).

Samples were also prepared using a three-speed Hobart labora-
tory paddle bench mixer (H or HM) with a standard designated
paddle (Fig. 4).

The mixing protocol (Fig. 5b) followed the recommended proto-
col given in [2]. It consisted of the following 4 steps:

1. The silica fume and sand are mixed together for 3 min at speed
1 (107 rpm);

2. The quartz powder and cement are added for another 3 min of
mixing at speed 1;

3. The water is combined with all the HRWR and poured into the
powders for 2 min;

4. The speed is increased to level 2 (198 rpm) for another 11-15
min.

Total time of mixing from dry to wet was between 19 and 25
min. For this study, the fill level of the mixing container was
around 1.5-2.0 L or about 17% fill level.

a
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3. Experimental program
3.1. RAM monitoring methods

The practice of monitoring the mixing evolution of a concrete’s
microstructure through the power curve, or the cohesion curve,
has become the most developed monitoring technique in the last
decade [5,8,35,36]. From Eq. (5) the power is linearly related to
the acceleration. Therefore, the acceleration curves were used to
monitor the UHPC microstructure development for this study.
Moreover, the stages of mixing were based on [37,38] after liquid
loading, where the acceleration curve is divided into five stages
of mixing that are each defined by force dissipation mechanisms
(Fig. 6). The fluctuation of the acceleration curve is defined as the
difference between three consecutive measurements.

In the first stage, immediately after the liquid is introduced into
the mix, the acceleration sharply increases as the microstructure is
in a dry granular state dominated by frictional forces. After about
10-15 s of mixing there is a slight change in curvature of the accel-
eration curve, corresponding to a decrease in the fluctuation curve;
this is the start of the second stage. During this stage the
microstructure develops into a wet granular structure that is dom-
inated by frictional and cohesive forces as now the water is slowly
saturating the granules and forming bridges with surrounding
granular structures. The leveling of the acceleration curve corre-
sponds to the saturating of the granules and the slight dip before
the maximum peak acceleration, apeax, corresponds to the satura-
tion of the liquid bridges between granules. This peak is defined
as the maximum cohesion point and the end of the second stage.
For the third stage the acceleration curve decreases, and the
microstructure resembles a hard paste dominated by cohesive
forces.

The fourth stage is defined by the second transition point, the
fluidity point. Here the acceleration curve starts to increase again
with a fluctuating response. The microstructure is now a soft
granular fluid suspension dominated by cohesive and viscous
forces. The fluctuations are due to granules slowly breaking up
and dispersing into the suspension. The fifth and final stage is
defined when the acceleration and fluctuation curves level off.
The microstructure has become a fluid suspension dominated by
viscous forces.

As with an intensive shear mixer, the time, the power, the
water-to-cement ratio, and the fill level all have an influence on
the acceleration curve and change the location of the cohesion
and fluidity points [35]. Hence, a series of tests (Table 3) were per-
formed to monitor how the acceleration and fluctuation curves
change as these four parameters change for RAM mixing.

These tests were then analyzed to find the most optimized
routine for each specific UHPC tested in this study using specific

(b)
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40t
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20

0 . A . . )
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Fig. 3. An example of the a) input intensity routine and b) the acceleration response measurement. The maximum acceleration is taken as apeak.
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Fig. 4. a) The Hobart 3-speed 12-L capacity paddle mixer and b) its associated paddle.
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Fig. 5. The 4-stage mixing protocols for a) the resonance acoustic mixer and b) the table top paddle mixer.

mixing energy and spread flow workability tests. An average of 3
measurements per sample test were taken. The standard deviation
was taken to be twice the median of the measurements.

3.2. Workability

The allowable mass limit for the LabRAM is 500 g and the volu-
metric limit of the mixing vessel used is 500 mL. Due to the low
bulk density of the non-compacted dry powders filling the mixing
vessel to its maximum capacity of 500 mL, about half this volume
of fresh cementitious material can be produced. This amount of
material is not enough to fill the standard cone (1.376 mL)
described in ASTM C230 [19]. Hence, a modified cone (Mini) was
manufactured with dimensions half of the standard cone
(Standard), and thus a volume ratio of 1:8, to test the spread flow
properties (Fig. 7a). The volume to fill the mini cone is 172 mL.

All UHPC mixes were tested using both cones. The correspond-
ing spread diameter ratios between the two cones were then
recorded using standard measuring tape of an accuracy of a mil-
limeter and averaged over 4 measurements (Fig. 7b). Spreads were
taken 20 min after water contact with the cement. Comparisons of
the spread flow values of the standard cone to the mini cone
showed a nearly constant spread ratio of 2.5 (Fig. 8) with an R
square value of 0.984.

3.3. Steady state rheology

Steady-state flow rheological measurements were obtained
using a Malvern Kinexus Pro+Rheometer (Fig. 9a) with a cup and
serrated bob geometry (Fig. 9b). Rheological tests were conducted
between 15 and 20 min after water contact with the cement to
ensure the material was in the dormant period [39]. The
steady-state protocol utilized a hysteresis loop sequence as used
in previous studies for normal concrete [40,41]. The protocol was
as follows (Fig. 9¢):

1. Pre-shear at a constant shear rate of 10 s~! for 30s,

2. Rest for 30,

3. Increasing linear shear ramp from 0.9s~! to 10 s~! for 90s,
4. Decreasing linear shear ramp from 105! t0 0.9 s~ ! for 90s.

The area within the hysteresis loop was computed to relate to
the structuration of the material [42] as shown in Fig. 10.

As with most concretes that contain high ratios of polymer, a
standard Bingham flow model (Fig. 11a) results in negative yield
stress values due to the non-linear behavior of the material [43].
Therefore, a modified Bingham model (Fig. 11b), given in Eq. (7),
was applied to the rheological data.

T =Ty + Uy +cj? (7)
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Fig. 6. A mixing acceleration measurement profile with its fluctuations between 3 different measurements. Each mixing stage and transition point is identified and associated

with its respective dissipation origin forces.

Table 3
Mixing parameters of RAM monitored.
Series Intensity (%) Fill Level (%/g) Water-to-Cement Mix Time (s)
Intensity 40, 50, 60, 70, 80 44/221 0.25 300
Fill Level 50 50/250, 70/350, 100/500 0.23 300
w/C 50, 70 50/250, 100/500 0.21, 0.23, 0.25 300
Time 70 100/500 0.25 150, 270, 300

70 mm

(b) SN

Fig. 7. a) Spread Flow measurements were taken using a mini cone with half the dimensions of the cone designated in ASTM C230, and b) measured using a tape measure.

This model is preferred over the Herschel-Bulkley model
(Fig. 11c) because its parameters can be related to the physical
properties of yield stress and plastic viscosity. In Eq. (7) the yield
stress, defined as the stoppage of flow or when the shear stress
in the material is no longer plastic, is given by 7, the plastic viscos-
ity, defined as the resistance to flow, is given by g, and the second
order term, ¢ (Pa-s?), relates to the shearing behavior of the mate-
rial. If shear stress decreases with an increase in strain (c/u < 0)
the material is said to be shear thinning. Conversely, if shear stress
increases with an increase in strain (c¢/p¢ > 0) the material is desig-
nated as shear thickening. If the shear stress is linear with strain
(c/p = 0), then it is Newtonian.

3.4. Mechanical properties

ASTM C109-Standard Test Method for Compressive Strength of
Hydraulic Cement Mortars (Using 2-in. or [50-mm] Cube
Specimens) [44] was followed for compression testing. Specimens
were cast in 50-mm (2 in.) cubic brass molds and vibrated for
approximately 30 s. The specimens were covered and placed in a
controlled curing room for 24 h at 20 °C before being demolded
and placed in a lime-saturated water bath at 20 °C. Before testing,
the load surfaces were ground to ensure the specimens were
loaded uniformly leading to results with high consistency.
Specimens were tested at 3 days, 7 days, 28 days, and 56 days.
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Fig. 8. Correlation between the ASTM standard and the modified mini cone.

The compressive strength was taken as maximum force divided by
the average area of the load face surfaces.

A non-standard three-point bending test was used to obtain
the maximum flexural strength. Beams with average dimensions
of 15cm x2.5cm x 2.5cm (6in. x 1in. x 1in.) were cast in a
high-density polypropylene (HDPE) beam mold. The specimens
were covered and placed in a controlled curing room for 24 h at
20 °C before being demolded and placed in a lime-saturated water
bath at 20 °C. Specimens were then tested at 7 days and 28 days.
Averages were taken for 3 specimens per mix with the standard
deviation taken per sample.

4. Results
4.1. Monitoring RAM through acceleration curves

Acceleration and fluctuation curves for mixing intensities 40%,
60%, and 80% are shown in Fig. 12a-c and for 50% in Fig. 14a.
[45] defined two types of granular growing behavior for wet pow-
der agglomeration, that is, Stepwise Growing Behavior (SGB) and
Continuous Grown Behavior (CGB). From these results it can be
observed the lower % mixing intensity levels are of a SGB nature,
while the curve for 80% mixing intensity is more of a CGB form.
The difference between the two is whether the material acts as
individual agglomerates or as one large agglomerate. In a vertical
oscillating system, at maximum amplitude the particle can experi-
ence free fall if there are no other forces acting on it. It is assumed
that this is the case for RAM. Thus, the maximum amplitude, A,
velocity, v, and height, h, a particle can achieve through free fall
is given as

(a) Malvern Kinexus Pro+.

(b) Cup and bob geometry.

A=X/wf (8a)
v = Awy (8b)
h=12/2G (8¢)

where X is the maximum acceleration,w; is the resonance fre-
quency, and G the gravitational constant. Increasing the intensity
increases the acceleration and thus the free fall height the material
experiences with the vertical oscillatory movement. According to
Eq. (4) when the RAM mixer is in resonance the peak acceleration
increases linearly with intensity. Hence, for a mixing intensity of
40%, the material experiences 40G of acceleration. For a resonance
frequency of 60 Hz, this equates to an amplitude of 2.76 mm, a
velocity of 1.0 m/s and free fall height of 55 mm. For an intensity
of 80%, the amplitude and velocity are twice this, but the free fall
height is 4 times greater.

It can also be seen from the fluctuation curves that the start of
the largest fluctuation peak correlates to the cohesion point of the
mix and the end correlates to the fluidity point (Fig. 12a). This type
of behavior has been seen in other studies as well for power fluc-
tuation curves [35,38]. Furthermore, when the fluctuation curve
becomes constant or very close to zero, this is denoted as the time
to reach a state of full dispersion. The time to reach this point
decreases with an increase in mixing intensity. Past research has
denoted a similar point called the stabilization time [5,8] which
can be related to the optimal mixing time. Finally, it can also be
observed that the acceleration curve, once it reaches this point
becomes the same value as the mixing intensity, e.g. 80G at 80%
mixing intensity, and therefore, indicating the RAM is at complete
resonance once it reaches full dispersion.

Fig. 13 shows the acceleration and fluctuation curves for the Fill
Level Series. Fill level herein is defined as a percentage of mass,
with 100% or 500 g being the maximum fill level. Results show that
at a 50% (250 g) fill level, the peak acceleration is 5-10% higher in
intensity than the mixing intensity level, while the 70% (350 g) fill
level is 5% lower. For 100% (500 g) fill level, the peak acceleration is
reduced by approximately 10-15%. As the amplitude is inversely
related to the damping coefficient by the relationship Fo/c
(see Eq. (2)), then likewise the acceleration is too. At resonance,
the system is critically damped, and c is equal to 2v/km [46]. Hence,
if there is a 50% increase in mass, there must be about 14.1% reduc-
tion in acceleration, which is what is presented in Fig. 13c for the
average acceleration curve. Furthermore, as the fill level increases
the time it takes to reach the cohesion and fluidity points also
increases. The reduction in acceleration means a reduction in

—_
(=)

e N [oe])
T T T

Shear Rate (s-1)

\S}
T

0 60 120 180 240
Time (s)

(c) Steady-State rheological sequence.

(=]

Fig. 9. Flow rheology testing a) equipment, b) geometry, and c¢) protocol used in this study.
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Shear Stress (7)

Shear Rate (')

Fig. 10. Typical thixotropic hysteresis loop in this study. The grey area is related to
the energy needed to breakdown the material’s structure.

mixing force intensity, and hence, a difference in cohesion behavior
of the mixture is observed.

As the apparent volume of the mixing level is initially full at the
start of mixing, there is less space to fully reach the maximum free
fall height adding to the reduction in impact force the material
feels from the vessel’s boundaries. Nonetheless, like the Intensity
Series results, the width of the largest fluctuation peak, or the lar-
gest two consecutive peaks, corresponds to the stage of mixing
between the cohesion and fluidity points, and the point where
the fluctuation curve reaches a constant state denotes the final
state of the mixture. From Fig. 13b and Fig. 13c it appears more
time was needed for higher fill levels to reach this point.

In Fig. 14 the results for the W/C Series are presented. Fig. 14a-c
show results for a fill level of 50% and mixing intensity of 50%,
while Fig. 14d-f show results for a fill level of 100% and mixing
intensity of 70%. Several observations can be made. First, the length
of the cohesion stage increases with decreasing w/c ratios. This is
expected as it has been seen in past research [5,8,35] with decreas-
ing water to powder ratios. Second, for the 50% fill level results, the
peak acceleration increases as the w/c ratio decreases going from
the expected 50% mixing intensity for w/c 0.25 (Fig. 14a), to an
increase of 5% to 10% for w/c 0.23 (Fig. 14b) and 0.21 (Fig. 14c),
respectively. This type of behavior is not intuitive as the opposite
is expected. Yet, recalling Fig. 12c for 80% mixing intensity, where
the length of the cohesion stage increased with an increase in
intensity being attributed to the switch between SGB to CGB, then
it is suggested that when the w/c ratio decreases the material
accelerates not as individual agglomerates, but as one large
agglomerate. Thus, the RAM machine needs to increase the
acceleration to break the cohesive bonds between the material
and the vessel walls before further liquid distribution can take
place. Conversely, for the 100% fill level, the peak acceleration
decreases with decreasing w/c ratios. It is 20% less than the %

mixing intensity for the higher w/c ratios of 0.25 and 0.23 and close
to 30% less than the mixing intensity for the lowest w/c ratio.
Lastly, the length of the cohesion stage for the highest w/c ratio
(14 d) remains the same (compared to Fig. 14a), but for lower
w/c ratios the length decreases, indicating the increase in fill level
is helping the cohesion of the material along.

4.2. Monitoring RAM through specific mixing energy and spread flow

Shown in Fig. 15 are the specific mixing energies and spread
flows for the specified test series given in Table 3. The specific mix-
ing energy (SME) of a mix is a property that is used to compare lab-
oratory mixes to field mixes for oil well cement slurries [47,48]. It
is dependent on the time of mixing and the total mass of the sys-
tem (see Eq. (8)).

In Fig. 15a the spread-flow shows a decreasing trend as the %
mixing intensity increases from 50% to 80%, while the SME shows
an inverse trend. For the Intensity series, the time of mixing was
the same for each intensity, however, the acceleration curves in
Fig. 12 demonstrate that the optimal mixing time varied for each
intensity level. For example, for 80% mixing intensity the optimal
mixing time was on average 200 s. Using this in Eq. (8) results in
an optimal SME closer to 85 kJ/kg, which is the SME value for
70% mixing intensity. Nonetheless, even this value is not the most
optimum SME value, which for this mix series is around 45 kJ/kg
for 50% mixing intensity.

For the Fill Level mix series, the spread flow values are larger at
50% fill level, but level out by 70% fill level (Fig. 15b). With an
increase in fill level, the SME decreases and thus a longer time of
mixing and/or a higher peak acceleration is needed to obtain the
same SME for a lesser fill level. Even still, the spread flow values
do not appear to be affected from the drop in SME.

In Fig. 15c and d the change in w/c ratio and its effects on the
spread flow and SME values are depicted. The increase in spread
flow values is expected when the w/c ratio is increased. However,
an increase in spread flow does not always correlate to an increase
in SME values as these values change according to mass, mixing
time, and % mixing intensity levels. For example, the spread values
increase for the U25 mixture when both the fill level and % mixing
intensity increase (Fig. 15d), while the converse is true for the
U21 mixture (Fig. 15c). The spread flow values also increase when
the mixing time increases (Fig. 15e), though it can also decrease if
the mixing time is too long (Fig. 15a).

4.3. Comparison of fresh state properties of RAM to a table top paddle
mixer

To assess how RAM mixing affects the fresh state and hardened
state properties of a given UHPC mixture, a comparative study to a

T
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Fig. 11. Different rheological behaviors and the models applicable to UHPC [43]. For this study the best fitting model was the Modified Bingham model.
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Fig. 12. Average acceleration and fluctuation measurements for the Intensity Series
a) 40%, b) 60%, c) 80% with a fill level of 50% for the mix U25 series.

table top paddle mixer was undertaken. All results for the RAM
were for a mixing intensity of 70% and a fill level of 100% (500 g),
as the best spread values for all the UHPC mixtures (see Fig. 15.)
were found at this setting. Fig. 16 shows the results of the rheolog-
ical tests. The area enclosed is the hysteresis area which represents
the energy needed to break down a material’s structure as well as
the amount of structuration that builds up after shearing stops
[42,43]. The largest differences can be found for the U25 mixture
series and the smallest for the U23 series.

Shown in Fig. 17 and summarized in Table 4 are the fresh state
properties from these flow curves and the spread flow cone tests

Fill Level Series
Intensity: 50%
Mix: U23
Fill Level: 50%—70%—100%
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Fig. 13. Average acceleration and fluctuation measurements for the Fill Level Series
a) 50% (250 g), b) 70% (350 g), c) 100% (500 g) with an intensity of 50% for the mix
U23 series.

between the two mixers. In Fig. 17a the spread flow values show
an increase in spread value for the U21-H and U25-H series (see
Table 2), but not much difference between the two mixers for
the U23 series. Fig. 17b shows the yield stress values between
the two mixers with the U21-R series showing a much higher yield
stress than the U21-H series. Such a difference should be reflected
in the spread value, however, as the spread flow depends on a
variety of other factors than the material itself such as the surface
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tension of the spread cone, the spread surface, and the thickness of
the spread compared to the diameter, the spread value can only be
taken as an approximation of the yield stress. The modified Bing-
ham model estimates closer to the true value of the yield stress
[43,49].

In Fig. 17c, the viscosity values for the U23 series are the same,
while for the U25 series the RAM mixer has a higher viscosity. The
hysteresis loop areas are presented in Fig. 17d. Overall, the RAM
mixer shows higher shear thickening behavior (Fig. 16) than the
Hobart mixer. This explains why the yield stress is higher and
the spread values are lower for the RAM mixer.

4.4. Comparison of mechanical properties of RAM to a table top paddle
mixer

Since the U21 series showed more differences in the fresh state
properties between the RAM mixer and the Hobart mixer, this ser-
ies was chosen to conduct mechanical tests for the hardened state
properties comparison. Compression results are shown in Fig. 18a
and flexural results in Fig. 18b. The first observation that can be
made is that there is a considerable increase in mechanical strength
comparing the results using the RAM mixer to using the Hobart
mixer. The most notable increase is in the early age properties at
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respectively.

3 days (7 days for flexure) where there is a strength improvement
of around 30% while the later age strengths show between 16%
and 20% improvements in strength.

The improvement in mechanical strength properties can be
attributed to a variety of factors such as reduction in the air con-
tent, better dispersion or packing of the particles, or an increase
in microstructural development with being affected by the energy
imparted to the mixing container. The air content affects the com-
pressive strength as follows [2]

fl = =216 x (w/c) x air'”® + 230; f.[prism]is in MPa (9)

Thus, for example, an air content of 10% reduces the compressive
strength by approximately 21 MPa. The difference between the
fi_,gq of the U21-H and U21-R mixes is about 28 MPa. This would
mean the air content of the U21-H would have to be on the order
of 25%. According to [2] the air content of the U21-H mix is between

1 and 5%. Thus, it is inferred that the improvement to the mechan-
ical properties is a result due to better packing of the matrix and/or
change of microstructure, such as seen with a high intensive mixer.
Therefore, it is of value to verify, at least qualitatively, that the RAM
mixer acts like a high intensive mixer.

4.5, Verification if RAM is an intensive mixer

To be a high intensive mixer usually means the mixer imparts a
high shearing action to the system. As the RAM does not work on a
shearing principle, but instead of a resonant acoustic vibrational
principle, it is not apparent whether it can be considered a high
intensive shear mixer. All the properties presented in the previous
sections illuminate high intensive mixing properties. The accelera-
tion curves and the specific mixing energy show values often seen
in high intensive shear mixers. In fact, the American Petroleum
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Table 4
Summary of fresh state rheological properties.

Sample Hysteresis Loop Area (Jm—>3.s71) To (Pa) n (Pa-s) c (Pa:s?) Spread (mm) Spreadeqy (Mmm)
U25-R 15.81 1.95 3.93 0.15 136.9 334.4
U25 - H 6.70 1.49 2.28 0.03 1413 345.4
U23 -R 25.60 3.82 6.40 0.23 1326 323.7
U23 -H 28.57 455 6.17 0.12 129.4 315.7
U21 -R 83.08 9.70 15.43 0.68 106.6 258.8
U21-H 69.34 6.50 18.35 0.42 111.3 270.4
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Fig. 18. U21 mix average a) compressive strengths for 3 d, 7 d, 28 d, and 56 d, and b) flexure strengths for 7 d and 28 d. HR.
Institute (API) SME standard for a standard paddle mixer is on the Table 5
order of 5.5 kJ/kg [47]. The RAM mixer shows SME values one to Comparison of properties between Eirich and RAM.
two orders higher than these energy values. The increase in rheo- Eirich RAM
!oglcal prop'ertles, decrease in 'vvorkabl!lty,vand increase in mgchan— Container Fill Level 30% 00%
ical properties all show behavior of a high intensive shear mixer for Energy (K]) 418 17
UHPC. Thus, to further explore the hypothesis that RAM mixing is Energy/mass (k]/kg) 349 34.0
high intensive mixing, the acceleration curve profile, converted to Spread (mm) 113 104
Max Temp (°C) 35.0 39.1

normalized power using Eq. (5), of the RAM mixer is compared to
the power curve profile of a 6 L Eirich (Hardheim, Germany) high
intensive shear mixer (Fig. 19 and Table 5). The fill levels are kept
between 80 and 90% and the temperature was also monitored.
The first remark that can be made is that the normalized power
curves share the same profile. While the peak energy is different
(418 K] for Eirich and 17 k] for RAM) the specific mixing energy is
close to similar. Where the two mixers deviate is the spread values.
The Eirich has a higher spread value than the RAM, signifying that
the workability is better. This can partially be attributed to the dif-
ference of 4 °C final temperature between the two mixes. Other

E R
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0 30 60 90 120 150 180

Time (s)

Fig. 19. Normalized power consumption curve comparison of high intensive shear
mixer to RAM mixer.

factors that can affect the workability are the air content and the
consistency of the mix. Further study is needed of the RAM to
quantitatively verify that it is an intensive mixer, but qualitative
evidence demonstrates that is has the potential to be one.

5. Discussion

The previous section established that the RAM mixer is qualita-
tively a high intensive mixer. While, the principle of RAM is not
shear mixing, results from intensive shear mixing can still be
applied to better understand and discuss the nature of the
microstructural development of the UHPC in this study.

RAM works on the principle of transferring the potential energy
of its springs to the kinetic energy of the particle collisions inside
the vessel. There is no shearing tool interaction with the material
and hence it can be said that RAM energy distribution is uniform.
It is known that high mixing intensity accelerates the hydration
kinetics and changes the physical and chemical nature of cement
paste [50-52]. These phenomena originate from the high shear
forces increasing the surface diffusion and decreasing the thickness
of the diffuse double layer around the cement particles, and thus
increasing the interparticle attractive forces [52] . The results are
an increase in rheological properties, a decrease in workability,
and increase in thixotropy, and sometimes an increase in mechan-
ical strength. Thus, while RAM does not incorporate shear mixing
by impeller action into the mixing material, it does introduce a
velocity profile of micro-mixing and bulk-mixing zones. Initially,
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this profile is from frictional forces between particles, but as the
system evolves into a paste and then a suspension, the velocity
profile becomes a moving fluid, moving at an acceleration up to
100 times gravitational acceleration. Therefore, it is conceivable
that the RAM results presented here are due to an increase in
hydrate kinetics and change in physical and chemical microstruc-
ture. More work will need to be completed to confirm this qualita-
tive reasoning. However, it is sufficing to say the RAM mixer can
mix UHPC at high enough energies that change its microstructural
development compared to a standard table top paddle mixer.

6. Conclusions

The works presented in this research offer a qualitative study of
acoustic resonance mixing. The LabRAM by Resodyn Acoustic Tech-
nology® is a mixer that relies on reciprocal agitation movement
rather than mechanical impeller or paddle agitation. In this study
this mixer was used to mix ultra-high performance concrete. The
following conclusions can be drawn:

¢ RAM mixing does not have a tool that directly interacts with the
mixing medium. This makes it an attractive mixing device as it
reduces the cost of wear and tear of the mixing device. Further-
more, the non-direct mixing action could be beneficial in cases
where the interaction of the mixing tool and the mixing med-
ium is an important parameter to consider, such as the case
with fiber containing materials where the fibers can be bent
from the mixing tool.
e RAM mixing is meant to operate at the system’s resonance fre-
quency. Thus, the main parameters that affect the final mixing
outcome are the amplitude of the resonance acoustic pressure
wave, the time of mixing, and the fill level of the vessel. More
work will be needed to quantify the direct relationship of these
parameters to the properties of the UHPC mix.
Compared to a table top paddle mixer, RAM showed reduced
flow and workability properties, but improved mechanical
properties. A 30% increase in 3-day and 20% increase in 28-
day mechanical properties were observed in UHPC specimens
mixed with RAM. The improved mechanical properties support
the understanding that there is more uniform mixing energy
transmitted to the system during mixing which enhances
cement hydration and reduces air voids.
e RAM can be considered qualitatively a high intensive mixer, yet
further studies are needed to fully understand the mixing pro-
cess of acoustic resonance mixing and its effects on cement
and UHPC properties.
Finally, this investigation demonstrates that this innovative mix-
ing technology could have a place in concrete mixing technology.
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