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Abstract

Fresh concrete properties dictate the performance of the concrete in its hardened state.

The measurement of workability is usually done using a simple slump test. This test,

although widely used for almost 100 years, does not provide a full picture of the

workability or flow properties of fresh concrete. Therefore, many tests [1 ]
were designed

to fully characterize concrete. Few are consistently used in the field. The most

fundamental are the tests based on rheology, such as the rotational rheometers [2, 3],

There is a need for a relatively simple test that could be used in the field but that will

fully characterize fresh concrete flow properties.

The mission of this study was to evaluate the feasibility of using a concrete truck mixer

as a rotational rheometer. To succeed, it is necessary that the methodology measure

fundamental rheological parameters (plastic viscosity and yield stress) during the mixing

process.

This report summarizes the state of the art on concrete truck mixers used as tools to

characterize fresh concrete. Then, a short proof of the concept is attempted by using a

concrete truck and a rotational rheometer to characterize nine concrete mixtures [4], The

results are presented and discussed. The methodology developed is based on using the

truck drum rotation combined with the measurement of the torque induced by the

concrete load. This is similar to the typical method of determining the flow behavior in a

traditional rotational rheometer, i.e., the Bingham model: the shear rate (or drum

rotational speed) versus the shear stress (or torque) was plotted. The slope of the linear

relationship is the plastic viscosity and the intercept at zero shear rate is the yield stress.

The results of these experiments are discussed and compared with data provided by the

ICAR [5] rheometer, a portable rheometer designed for measuring concrete rheology in

the field.

The test results indicate that the mixing truck is sufficiently sensitive to detect differences

in yield stress, slump, and plastic viscosity. However, the plastic viscosity determined by

the truck measurement is not correlated with plastic viscosity results obtained from the

ICAR rheometer, while the yield stress determined by the truck measurement correlates

with the slump and the ICAR rheometer results. Suggestions are given on how to

improve the mixing truck for use as a rheometer.
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1 Introduction

During the last 60 years, the ready-mixed concrete industry has experienced tremendous

growth worldwide. For example, in the United States approximately 3700 companies

operating 10,000 plants provide over two-thirds of the total concrete consumed in the

country [6], Six or seven percent of the companies produce 50 % of the ready-mixed

concrete and each operates more than 100 truck mixers. In the USA, concrete is batched

and mixed in accordance with ASTM C 94 [7], “Standard Specification for Ready-Mixed

Concrete”. To ensure high-quality ready mixed concrete, the Truck Mixer Manufacturers

Bureau (TMMB), affiliated with the National Ready Mixed Concrete Association

(NRMCA), also establishes standards for truck mixers and agitators [8, 9].

In addition, the use of highly fluid concretes, the rheology of which cannot be suitably

characterized with the slump test (ASTM C 143) alone, has resulted in the emergence of

many new methods for characterizing the flow of freshly mixed concrete. A synthesis of

more than 61 existing test methods [1] for workability found that available devices vary

widely in their geometry, cost, method of operation, and suitability for field use.

To describe concrete flow behavior, both yield stress and plastic viscosity, as defined by

the Bingham model, are key properties that should be determined. The Bingham model

describes the flow of concrete or any other material as a linear relationship between the

shear rate, f ,
and the shear stress, t, as shown in equation 1

.

r = T0 +n-y ( 1 )

where p: plastic viscosity

x0 : yield stress.

The measurement of these parameters is currently possible only using a rotational

rheometer adapted to concrete, such as the BML 1

,
CEMAGREF-IMG, BTRHEOM, IBB,

Two-Point, ICAR, or Lafarge rheometers [2, 10]. These rheometers have various

geometries but they all have a rotating part, a blade, a cylinder or a plate and a device to

measure the torque induced from the material by the shearing action of the moving part.

Unfortunately, the cost of these devices (even if very low compared to the cost of the

produced concrete) and their complexities, especially compared to the slump test, has

mainly restricted the use of rheological measurements to research laboratories.

The idea of measuring rheological properties during mixing is not new [11]. In fact, some

existing concrete rheometers are based on this possibility (IBB, Two-Point). These

devices operate by measuring the torque induced on a mixing blade rotated at a range of

The name of rheometers used here are as refereed too in the literature. They are not initial of longer

names.
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different speeds. Another possibility for measuring concrete flow properties is based on

relating the energy data recorded during mixing, as investigated by de Larrard et al.

[12,13], These researchers compared the curve of electric power versus mixing time of

the concrete with the measurements obtained from the BTRHEOM and were able to

provide a correlation function between the two instruments.

A problem with each of these approaches is that they must be calibrated in order to

compute test results in fundamental units. The scatter in data from one rheometer to

another can reduce the trust an operator has in a given measurement [2, 3]. Indeed, the

slump test has remained the standard tool throughout the world for characterizing the

workability of fresh concrete because of the device’s simple calibration, which creates

little ambiguity or confusion. The slump test, however, only measures a value related to

yield stress, which is insufficient for fully describing the flow properties of concrete,

especially for special concrete such as self-compacting concrete (SCC). An attempt to

modify the slump test to measure plastic viscosity showed the limits of such an approach

[14]. A simple and reliable method of rheological characterization adapted to the needs

of industry is needed. In particular, few studies exist on the prospect of determining the

flow properties of concrete in a mixing truck in transit to a jobsite. To the authors’

knowledge, only one paper has been published on this topic [11].

An analysis of the concrete production process shows that the transport phase in a mixing

truck, particularly just before discharging concrete from the truck, is the most suitable

time to measure rheological properties. To make rheological measurements during the

mixing process, the mixing truck must be able to mix the concrete at different speeds to

generate a range of shear rates. A mixer in a central plant, despite being considered more

efficient than a truck mixer, is not typically capable of operating at different speeds [15,

16].

Most of the plants are equipped with automatic batching systems and controls made
possible by the use of microprocessors and computers. Truck mixing and transport rather

than central mixing is still the commonly used method of mixing in some countries

although, due to better quality control most ready-mixed concrete plants now use trucks

only for the transportation of centrally-mixed concrete.

Regarding the process to produce and transport concrete there are two methods:

• The first method, used mainly in North America, United Kingdom (UK) and in

Italy, implies that mixing and transporting of concrete is done in the concrete

truck. A standardized mixing procedure allows the obtaining of a homogeneous

mixture. One of the factors that contributed to the adoption of this method is the

long distance that concrete needs to travel from the plant to the job site. It allows

more flexibility in the management of the concrete delivery.

• The second method, used in Europe (with the exception of Italy and UK), uses a

highly efficient central mixer that ensures the homogeneity of the mixture [17],

The concrete mixing truck is only used as a way to preserve the homogeneity of

the mixture and to limit evaporation of water [18]. Nevertheless, there are new
trends that are leaning toward using the concrete truck as it is done in North



America. New trucks are being developed that have two mixing spirals mounted

in opposition to increase the mixing speed. They may also have vibration

capabilities.

This paper will review all the key issues regarding concrete mixing in relation to the use

of a truck mixer as a rotational rheometer. In this report, we will discuss three main

themes:

• Overview of concrete mixing: the type of mixers, mixing energy and related

factors

• Concrete mixing in a truck: historical evolution, shear stress due to the mixing

and rheological measurements

• Preliminary tests and results using a concrete mixer truck and a laboratory

rotational rheometer

• Conclusions on the feasibility of a truck as a rheometer and plans for future work

3



2 Concrete mixing

2.1 Introduction

The necessity of mixing concrete has triggered the design of numerous mixing devices

(Table 1). These devices could be differentiated by the design of the container and the

blades as well by the orientation and the speed of the moving parts.

Several state of the art reports have already been prepared on the various types of mixers

[19]. Studies on mixers [15, 16, 20, 21] showed that the performance of the mixing

action strongly influences the homogeneity of the mixture, the rheological properties [22]

and the microstructure [23] of the concrete.

From these studies, it is clear that, regardless of the geometry or other characteristics of

the mixer, two parameters are paramount during a mixing procedure: 1 ) the energy used

and 2) the shear rate imparted to the concrete during mixing. These two parameters are,

without doubt, coupled because the shear rate transmitted to the concrete is a result of the

energy input in the mixer. Three factors are identified that are related to the shear rate:

• The characteristics of the mixer: container and blade geometry, rotation speed of

the container and/or blades

• Behavior of the interface between the material and the mixer: losses by friction or

slippage

• Characteristics of the mixture: density and load or total mass of the materials,

rheological characteristics (yield stress and plastic viscosity)

The precise quantification of these three factors allows the calculation of the energy

balance and to determine the energy that is really transmitted to the materials being

mixed. In other words:

Transmitted energy = total mixing energy - losses

The loss rate depends on the mixer and the tribological characteristics of the mixtures as

well as of the interface between the mixer walls and mixture.

4



Table 1: Evolution of the technology for mixing concrete

Remains of a Saxon concrete mixer discovered in Britain (left dating from A.D. 700) show that

shallow bowls were cut into bedrock [24], The newest mixers (center, right) are not very different

except that the power is furnished by an engine.

Concrete mixing by portable gravity mixer (1899) [25] is one of the oldest types of concrete

mixers (left). At the center and right, mixers based on the rotation of a cylindrical drum. The

method for charging and discharging change between the different types of mixers [26],

Fig. 109. Le Mcsmrier's Concrete Machine. Elevation.

Le

Messurier’s concrete machine (used in UK) uses a mixing cylinder [25]. Drake mixer (right

picture)is another type of continuous mixer at the same period (late 19
11

century).
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2.2 Principal parameters of mixing operation

2.2.1 Mixing forces

The mixing action generates forces that are transmitted through the fluid during mixing to

break the structure of agglomerates. In the case of two particles that form a dumbbell, the

maximum dispersive force from a steady shear flow of a Newtonian fluid, known as the

dispersive force, Fmax ,
is:

^max = 3;r •
• r = 3tt R, R

2 -Oj y) (2)

where /; is the plastic viscosity and y is the shear strain rate (also called the strain

gradient) (in s'
1

). R] and R2 are the radii of the particles, and x is the shear stress in Pa.

For a non-Newtonian fluid, this equation becomes:

^nax ^2;r-Rr R
2
-(T

()
+jU-y) (3)

where r
0
is the yield stress (in Pa), and g is the plastic viscosity (in Pa-s).

2.2.2 Mixing energy

Determination of mixing energy can be calculated using various methods that are often

similar. We summarize here the methods that are used for cementitious materials. The

more basic method consists in recording the power consumed during mixing in watts. A
study of the determination of the time to reach a stable (homogeneous) mixture from the

power curves shows how this method is implemented [13]. Nevertheless, the power curve

is related to the geometry of the mixer
,
resulting in difficulty in comparing results

obtained in different mixers.

The calculation of the mixing energy is the integration of the electrical power used during

the mixing time as a function of the mixture volume [13], as shown in Equation 4:

J?

3600 »V

where: E: Total mixing energy per volume of material [W h/L],

t: total mixing time (h),

At interval of measurement [h].

Pi : electrical power consumed [W] and

V : mixture volume [L],

This equation is independent of the mixer geometry and therefore independent of the

energy transferred to the mixture. It does not allow the calculation of the mixing

performance.
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Another method is to evaluate the mixing energy, £, [27, 28] as a function of the

mechanical work provided by the mixer during a mixing time t (Equation 5).

E = T co t ( 5 )

As a first approximation, it could be stated that the torque T is proportional to the rotation

speed cuand the material density p, as shown in equation 6:

E = k p- co
1
-t (6)

o

The coefficient k was experimentally found for a propeller-type mixer to be A=6. 1 • 1

0'

'

N-m/kg-m‘
3
/rad/s (k = 6.4- 10'9 N-M/kg.nf -rpm). This is not a universal value as it is

dependent on the type of mixer [27],

Equation 5 could be normalized by the mass of the mixture, M (Equation 7):

A
M

k' p- or -t

P-V

k’-or-t

V
[kJ / kg]

(7)

For a given volume, this equation has the advantage of being only dependent on the

mixing time t and the square of the rotational speed, of

.

As reported in ref [28]. the

constant k' is equal to 6.1-1 0‘" m'-s"
1

. This constant was obtained experimentally.

It should be noted that during the development of the Two-Point test [29], inspired by the

work by Sculion [30]. a study was conducted to establish the rheological curve through

the measurement of the mixing energy. The main problem found by Tattersall was how to

calibrate the system. The torque was calculated using equation 8:

P -Pr
f

1
o

CO

[N.m

]

( 8 )

where P
t

:
Power delivered by the mixer during mixing [watts]

P
0 :

Power of the mixer empty [watts]

co: Speed Rotation [s'
1

]

The evaluation of the losses could be done experimentally by measuring the rheological

characteristics of the material with a rheometer and comparing the result with the mixing

energy (equation 9) in [kJ/kg].

E _ k-m 2
-t (9)

M ~ V
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Finally, Padgett [3 1 ]
showed that the parameter of shear rate is more appropriate than the

total mixing energy to describe both mixing and the rheological properties of the

material. Therefore, Padgett used an equation relating energy in [kJ/kg] to shear rate and

plastic viscosity (equation 10):

E . (10)

M

The equation demonstrates that a low shear device can exert the same amount of mixing

energy into slurry as a high-shear device provided that the residence time is increased for

the low shear device.

The approach is to quantify the mixing energy with equation 1 1

:

E=co-t S

k

(11)

where co\ Rotational speed or rotation per minute

S

:

shearing area

k : mixer coefficient (depends on the geometry).

It should be noted that a continuous mixer rotates faster (12.57 rad/s or 120 rpm) than a

batch mixer (2.09 rad/s or 20 rpm)).

In conclusion, because of the great influence of both mixer geometry and the mixed

material volume on the effective mixing energy transmitted to the material, it is difficult

to derive an equation without undetermined coefficients. Experimentation for each

configuration with different geometry and material volume is essential to identify the

coefficient that takes into account these parameters.

2.2.3 Shear rate during mixing

It was shown [32] that cement-based material plastic viscosity is dependant on the shear

rate. For this reason, a summary of the methods to quantify the shear stress imposed on

the materials starting from cement paste through mortar to concrete will be presented. It

should be noted that in the case of a multi-scale material such as concrete, the influence

of the aggregate size distribution (size, shape and volume concentration) is a major

component for the evaluation of the shear rate produced by the mixing procedure. This

can be explained by the fact that the movement of the coarse aggregates induces a shear

stress in the mortar or paste medium. Therefore, the shear rate is not homogeneous in all

parts of the material. This non-homogeneity is compounded by factors linked to the

geometry and the rotational speed of the mixer.

2.2.3. 1 Cement paste

The shear rate of the cement paste in concrete is a major factor that needs to be taken into

account. The specific shear rate [31, 33] is described by Equation 1 1:

8



( 12)E

where E : Mixing Energy [kJ/kg]

M : Mass of the material [kg]

ij : Apparent plastic viscosity of the mixture [Pa s]

y : Shear rate [s'
1

]

Also, it is possible to determine the shear rate during mixing from the power input

measurement [33] using, in the case of a non-Newtonian fluid, the following equation:

K = TX (rP ) = ^Ar;^ (13)

where i : Shear stress ( r = ija • y ) [Pa]

P
'

: Power input/unit volume

y : Shear rate (velocity gradient in the paste) of cement paste [s']

ij
a : Apparent plastic viscosity [Pa s].

It is important to note that for non-Newtonian materials the ratio of shear stress to shear

rate is not constant but depends on the shear rate at which the measurement was made

[33], Therefore, the apparent plastic viscosity rj
a

is defined as the non-Newtonian plastic

viscosity.

For plastic and fluid materials the shear rate, or the velocity gradient in the material, y p ,

in [(m/s)/m] used to define the flow is:

v relative velocity ( 14 )

v thickness of paste being sheared

Using Equation 13, we obtain :

K
Via)

( 15)

and for Bingham plastic solids the apparent plastic viscosity may be written as:

r _
(r

0 +n P -Yp) (16)

K fP

where q p :
plastic viscosity of cement paste

9



Replacing q a with equation 16 expression in Equation 13, the power input in W/mnr is:

p
: =na (Y

2

P ) = {*o+nP*YP )-(yP ) ( 17 )

Typical values for rj
a
for cement paste range from 0.02 Pa-s to 0.2 Pa-s (0.2-10

10

W s mm"' and 2-10" lu W s mm 3

).

The range of shear rates is then given by:

r?
0.05

2.0x10
= 500 5

-i
( 18)

to :

y v =
0.25

0.2x10
= 3500 5

Similar calculations were made in a high shear blender [33],

Table 2: Calculation of shear rates in a blender for cement paste

Batch Power input

(assuming

50 %
efficiency)

Cement Water/Cement Volume

paste (F)

To

[Pa]

n

[Pa-s]
K
[s'

1

]

1

(cement I)

200 W 400 g 0.4 0.287 32 0.13 1480-

1520

2

(cement II)

200 W 400 g 0.5 0.327 13 0.05 2220-

2510

2. 2.3. 2 Concrete

For concrete, a study was conducted by the Laboratoire Central des Ponts et Chaussees

(LCPC in France) on three types of mixers [13, 34]:

• Pan mixer with non-rotating central blades: 1500 F capacity

• A tilt-up mixer: 2500 F capacity

• A planetary mixer: 150 F capacity

From the data acquired from this study, they were able to develop a model of the power

consumed during mixing

10



Pit) = px +
2P

;r

f
\t-t n

X Arc tan —
\ )

2
J

( 19 )

where / : mixing time

P(t): Total power consumed

Pr : Equilibrium final power after complete mixing.

P
d :

The power related to the dispersion of the granular mixture in the container

of the mixer

Pm :
Power related to the dispersion of the finest particle.

ta : Delay time able to improve the quality of the fitting curve of the power

diagram at initial mixing

td andtm :
Times characterizing the duration of damping rate of each type of

power.

The term Pr could be related to the rheological characteristics of the materials as

described in Equation 20 [12]:

K = Pf + Cm -y-(r
0 +/j-y) ( 20 )

where ^ : Mean shear rate in the mixer (s'
1

)

Cm : Parameter having the dimension of a volume (nr )

Pf. Power losses due to the mechanical parts of the mixer

To : Yield stress as measured with BTRHEOM rheometer

;; : Plastic viscosity as measured with BTRHEOM rheometer.

The second term of Equation 19, Pde
d

;

,
corresponds to the energy used due to the rapid

IP
dispersion of the coarse aggregates. Finally, the third term.—— x

TC

f C

Arc tan

V

LlzL

v tm j

+ •

71

takes into account the energy used for the dispersion of the fine aggregates, i.e.,

defloculation and/or humidification of the fines.

2.2.4 Influence of mixing energy

For a given geometry of the mixer (container and blades), the mixing energy has a

considerable influence on the workability of the cement paste. It was established

experimentally [33, 34] that the mixing energy influences the amount of free water left

after mixing as well as the performance of chemical admixtures. This would result in

different hydration kinetics leading to different mechanical and durability characteristics.

The effects of mixing procedures upon the rheological properties of cement mixes with

and without high-range water-reducing admixtures (HRWRA) have been also

investigated [35]. In this study, the effects upon yield stress, plastic viscosity and

hysteresis were studied using a co-axial viscometer. In the absence of chemical

11



admixtures, yield stress and plastic viscosity decreased substantially with increasing

intensity of mixing, which caused a breakdown of particulate agglomerates. The mixing

procedure had more effect upon the yield stress than upon the plastic viscosity.

According to Equation 12, the energy per mass using the American Petroleum Institute

(API) mixing method for a cement slurry is 5.5 kJ/kg. Orban et al. [27] defined specific

mixing energy (SME) as the ratio of the slurry energy per mass and the value

corresponding to the API laboratory procedure, i.e., 5.5 kJ/kg.

Orban showed that an increase of the SME from 0 to 1 results in a clear improvement in

the homogeneity of a mixture. A SME between 1 and 2 is optimal as defined by the

plateau reached by the rheological properties. For a SME larger than 2, the material

properties are worsened. However, Hodne et al. [36] showed that the SME parameter

does not characterize all types of slurries.

On the other hand, the increase of the mixing speed from 419 rad/s (4000 rpm) to 1257

rad/s (12000 rpm) results in a 10-fold decrease of the time needed to obtain an optimum

plastic viscosity and the yield stress [36].

If SME is used, the results are easier to interpret because they are related to the volume of

material and an optimal energy level can be determined to obtain the lower plastic

viscosity and yield stress.

Finally, the rheological behavior of cement paste during the first 2 h is strongly

influenced by mixing methods as shown by Yang et al. [23], She measured the stress

response of cement pastes while sheared at a constant shear rate. Cement pastes mixed by

hand or by paddle mixer have higher and, with time, more rapidly increasing stresses than

those prepared by high energy blender mixing. Agglomerates initially existing in cement

powder, and later remaining in the paste due to insufficient mixing, are responsible for

the higher value and faster increase in stress.
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3 Mixing truck concrete

3.1 One hundred years of evolution of truck mixers

This section is an attempt to relate the evolution of concrete truck mixers
,
some of which

are pictured in Table 3. The first on-wheel concrete mixer patented in America [37, 38],

and called the Mortar Mixer, was patented on February 9, 1904 by Richard Bodlaender of

Breslau, Germany. The front axle and wagon wheels of a cart were replaced by a large

drum with paddles inside, and as the horse-drawn vehicle moved along, the drum rolling

along the ground would create the mixing action.

A mixer, invented by Alvah Handsel of Wilkes-Barre, Pa., patented on January 12, 1909,

employed a hexagonal drum that did not roll along the ground. A coal-fired steam boiler

attached to a piston pump powered the mixer, which had a gear train to drive the chain

drive. The addition of a power unit was such a gigantic leap over horses that for the next

decade, almost nothing further was accomplished.

Finally, the first true concrete truck wasn't called a concrete truck. In fact the related

patent is titled "Apparatus for Concrete Work." Records indicate that it was invented by

Ackert Bickel of Kansas City, Mo., and it was patented under U.S. Patent No. 1,363,304

in 1920. It had no horses, no steam boiler, a real steering wheel, and an internal

combustion engine, albeit with a hand-crank starter sticking out the front of the vehicle.

The most notable thing about it, however, is an enormous amount of dead space on the

truck bed.

When inventor Charles Ball of Milwaukee received U.S. Patent No. 1,766,584 on June

24, 1930 for his next-generation concrete truck, titled "Mixing and Agitating Machine," it

was assigned to Chain Belt Co., also of Milwaukee. During the next 2 years. Ball

radically changed the designs for the mixing drum and incorporated them into his patents.

For the next 40 to 50 years, the general appearance of the concrete truck didn't change

much.

In the 1930s, the demand for concrete trucks was exploding due to increasing highway

construction. Roscoe Lee's "Transit Concrete Mixer" invention was an attachment that fit

on the back of a standard truck frame and carried a drum mixer that was set in place with

a small crane. It was less expensive than a dedicated transit truck, and once the contract

was complete, the truck could be refitted with a flatbed, box, or dump to carry other

materials.

13



Table 3: Evolution of the design of mixing truck during the last 100 years

Some of the first mixing trucks patented at the beginning of the 20
th
century [371.

From the horse-powered to horse power [37], This 1904 patent combined the mixer and the

front wheel on a horse-drawn trailer ( 1 ). The first “true” concrete truck patent (2), invented by

Ackert Bickel (1920). Milwaukeean Charles Balks “Mixing and Agitating Machine”(3), (1930).

Modem concrete mixing trucks are not much different from those designed in the beginning of

the 20
th
century. [39, 40

The internal design (1) of Stephen Stepanian truck mixer (1916) [37] is very close to some

modem blade designs (2), [41 ].

Mixing truck of the last generation in Europe. Raw materials are pre-loaded long before

transport and the producer can layer cement on top of the aggregate through the center drum

hatch. [421,
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3.2 Delivery of Ready Mixed Concrete

Most of the experimental work related to the delivery of ready mixed concrete, in

particular with a truck mixer, found in the literature, has been carried out by Richard D.

Gaynor and co-workers of the National Ready Mixed Concrete Association (NRMCA)
[6,7,38,43], Its reading should be advised to anyone interested in the topic. A summary

regarding the delivery of concrete with a mixing truck from the recommendation given

by NRMCA as shown in the box below.

o While ready mixed concrete can be delivered to the point ofplacement in a variety of

ways, the overwhelming majority of it is brought to the construction site in truck-

mounted, rotating drum mixers. Modern truck mixers have a revolving drum placed with

the axis at an angle. Inside the shell of the mixer drum, there are a pair of blades orfins

that wrap in a helical (spiral) configurationfrom the head to the back of the drum. This

configuration enables the concrete to mix when the drum spins in one direction and

causes it to discharge when the direction is reversed.

o The mixing pattern imparted by the truck mixer is a lifting of the concrete and then

folding or knitting the material on itself.

o Truck mixers come in two forms that differ by the type of discharge: a rear discharge or

afront discharge.

o If the truck is usedfor mixing the load cannot exceed 63% of its total volume, while for

just transportation (central mixed concrete) the truck can be filled to 80% of its total

volume.

o Commonly, the size of a mixer ranges from 1.9 nr to 9.2 nr. The ASTMC94,
Specification for Ready Mixed Concrete, indicates that the concrete shall be discharged

on the job site within 90 minutes and after less than 300 revolutions after water was

added to the cement. The purchaser of the concrete may waive this requirement, when

conditions permit.

o The most common mixing sequence used is one minutefor the first cubic meter and one-

fourth of a minute for each additional cubic meter loaded in the truck. In order to

increase the production of a centrally mixed plant, most plants will do "shrink mixing.

"

This involves mixing concrete to a point "where the plant slump meter indicates that the

desired slump is predictable and thenfinish mixing on the way to thejob site.

o The general cycle time is 70 revolutions to 100 revolutions, however, if the materials

have been adequately loaded into the mixer, uniform concrete should be obtained within

30 revolutions to 40 revolutions.

o The travel distance ofa truck mixer is limited to less than fifteen miles. This limit can be

extended by "dty batching. " In this situation, the dry materials are added to the truck

mixer and water is added at the construction site and "must be added under pressure,

preferably at the front and rear of the drum with it revolving at mixing speed, and then

the mixing is completed within the usual 70 to 100 revolutions.
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o When these central mixing and truck mixing are compared, central mixed concrete is the

preferred. Some advantages are that the haul cycle time is shortened, wet mixes charge

twice asfast as a diy charge, and there is no time loss in adjusting slump on thejob.

o Ifproper site access is provided for the truck mixer, the concrete can be discharged

alongside the designatedforms. Chutes are typically used during discharge. The time that

is estimated for a full truck mixer to discharge completely is approximatelyfive minutes.

o Truck mixers can also discharge their contents into a concrete pump. But the concrete

mixture must be adjusted for this type ofapplication.

o The mixer manufacturer ’s recommend operating speed for mixings in the range between

0.41 rad/s (4 rpnfi and 2.3 rad/s (22 rpmj

3.3 Factors affecting the quality of concrete in truck mixers

The goal of mixing concrete is to obtain a uniform mixture with no lumps or

agglomeration of materials. Lumps, material balls or agglomerated materials jeopardize

structural integrity of a concrete by forming weakened zones and by increasing the

permeability [44], Florida Department of Transportation (FDOT) Standard Specifications

for Road and Bridge Construction (2000) Section 346-7.4.1 requires that concrete should

be free from lumps and balls of cementitious material. Hence, when lumps are found,

concrete batches are rejected. The consequences are disruption of work, costly rework,

and loss of valuable time. A study was performed to determine the root causes and the

remedies of the formation of lumps and balls in high-slump truck-mixed concrete [44],

Systematic studies on other type of concrete were not found. Based on the findings of this

study [44], the following conclusions were drawn:

• Headwater percentage (water added to the mixer before the addition ofmaterials)

and initial revolutions have a combined effect on the number of lumps and balls

produced. The optimum combination was found to be 30 % and 40 % headwater

percentage with 90 to 100 initial revolutions at a speed of 1.25 rad/s (12 rpmj.

• The optimum speed (less lumps) at which the materials exit the loader through the

chute into the mixing truck (discharge rate) was found to be 90 kg/s ±4 kg/s (200

lb/s ±10 lb/sj.

• The size ofa concrete load does have an effect on the number oflumps and balls

formed, but most trucks have a maximum load size of 6.9 nr' (9 yd ’/ [44] and it is

not practical to have a load that is smaller.

• The sieve analysis indicated that most of the concrete lumps and balls were

similar in gradation and were composed ofsmall coarse aggregates, coarse sand,

and cement.

3.4 Shear rate during mixing: the truck mixer case

Today, most of the rotating-drum concrete mixers have almost the same geometry. A
method found reasonable to determine the shear rate of the concrete during a mixing in a

truck was described by Helmuth et al. [33].
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The drum considered by Helmuth et al. [33] had a capacity of 7.5 nr, with a drum radius,

/?, of 1.20 m. The maximum drum speed, /7, was 1.74 rad/s (16.66 rpm or 0.278 rps)
-

.

The tangential velocity of concrete in the drum during mixing is [33] calculated using

Equation (21):

V
r
_m = /?•« = 1.20-1.74 = 2.1 -m/s (21 )

where n in rad/s and R in m

The truck drum used is inclined at a small angle (12.5°), to allow the concrete to slide to

the front of the drum during mixing. The front of the drum is located behind the driver's

seat (Figure 1 ). Along the length of the drum, a blade is attached perpendicular to the side

of the drum, making a relative angle, 0 , with the axis of the drum. This angle determines

the pitch of the spiral made by the blades and ranges from 55° to 70°. The average value

of the cotangent of the angle can be calculated as follows:

1 1

cotan (6 )
= —^nTO = 0 532

(22)

This value is used to calculate the velocity, Vc .m ,
of the concrete inside the drum as it

moves forward due to combined effect of the blades and the drum rotation, as shown in

equation 22.

V
c_m = V

t
_m - cot an

6

= 2.1-0.532 = 1.11 -mis (23)

An approximate value of the shear rate in the concrete, yc ,
can be calculated using

equation 23:

fc

relative velocity

thickness of the sheared concrete

(24)

where 8 : side length of the considered element of concrete (Figure 2)

y: the displacement during the time interval t

t : time required for the displacement of the considered element of

concrete.

For example, if 5 is 0.06 m, with a Vc.„, of 1.11 m/s, then the interval / is equal to

0.06/1 . 1 1 or 0.054 s and the shear rate:

?

These data were provided without uncertainty by the manufacturer of the truck.
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Yc
=

0.06
^

0.054 J

0.06
18.51 s'

1 (25)

There are other regions of higher shear rates between the nearly static material along the

blade at the shell and these flowing elements. However, as Helmuth et al. [33] explain, it

can be estimated that the maximum shear rate applied to concrete in the drum does not

exceed 30 s'
1

.

18



a - Flow of plastic concrete relative to blades during mixing. The concrete flow was modelled

as continuous discrete finite elements as explained in the ref. [33]. The square elements have 6

=0.06 m sides. The higher shear rate is certainly localized at the angled end of the blade.

Vc-m : Speed of the concrete entering in the

(mixing)

Tangential velocity of the blade during mixing

V, mt-m

Figure 1: Geometrical characteristics of the drum of the used mixing truck and

representation of the flow of concrete on the blade of the drum.
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3.5 Rheological measurement in a mixing truck

Since 1929, several patents concerning the workability measurement of concrete directly

in the truck mixer were submitted. A summary of the major devices is given in Table 4.

Table 4: Summary of some devices designed to control the workability of concrete

Patent

2002

6,227.039 B1

(May 8, 2001)

Authors

Construction

Equipment

Parts Inc.

Mosh Te'eni

[45]

Title

Slump meter

System and method

for controlling

concrete production

Description

(As quoted from the Patent)

The concrete slump meter indicates the

slump of the concrete by reading the

hydraulic pressure required to turn the

drum. This pressure remains

reasonably constant for a wide range of

load sizes; the only requirement being

that the mixing blades be fully covered.

The pressure required to turn a drum at

a given slump will be different for each

mixer because of differences in brand,

size, age, and drive ratios. This requires

the slump indicator to be calibrated for

each mixer it is installed on.

The system comprising, a surface in

contact with part of a mass of concrete

mix. A shearing plane crossing through

concrete mass, and at least one sensor

which measures the force which is

transferred to said surface by concrete

mass.

Illustration of the concrete device

testing,

4,900,154

Feb. 13, 1990

3,924,447

Dec. 9 1975

Waitzinger

and al. [46]

Concrete mixer

having means for

determining the

consistency of

concrete mixing

therein

E.

[47]

Ganson Slump indicator

A concrete mixer is disclosed having a

mixing drum and a drag body is

mounted in the drum which has a drag

surface positioned to, at least partially,

come into contact with concrete in the

drum during a measuring phase in the

concrete mixing operation. A hydraulic

driving circuit is provided to oscillate

the drag body at least during the

measuring phase. A pressure sensor is

connected in the hydraulic driving

circuit for measuring the actual

pressure value in the hydraulic driving

circuit, which is indicative of the flow

resistance on the drag surface during

the measuring phase of the mixing

operation.

A slump indicator includes a generally

flat base blade for attachment to the

exterior side surface of the drum, a

shaft rotatably attached to the base

plate and extending into the drum, a

paddle mounted on the end of the shaft

for movement by the wet mix. The
system is fitted with an indicator

(calibrated with the slump) able to

indicate the resisting of the shaft during

the rotation.

Partially sectioned side view of a concrete mixer

according to a first embodiment of the invention.
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3,403,546

oct. 1, 1968

C.C. Stratton

[48]

Slump indicator for

concrete

The method is based on the energy

measurement required to turn the drum

of the truck mixer. The system can

measure the variations in the load

torque due to variations in the liquid

content of the mix. The system is an

ohmmeter: an electro-magnetic meter

having an indicating scale calibrated in

terms of slump and an energizing

circuit.

3,237,437

Mar. 1. 1966

Louis G.

Hilkeimer

[49]

Slump meter The device operates on the principle

that the torque of the mixing drum

varies as the consistency of the mix.

n V— v

LO-wlS G.

2,821.079

Jan. 28, 1958

N. E.

Kerridge

[50]

Apparatus for

measuring the

consistency during

mixing of concrete

The device includes a flexible element

which is suspendable in the concrete or

the like, so that there is a motion

between the two, and means for

indicating the drag on the element due

to the relative motion.

2.643.542

June 30, 1953

G. W. Cronk

[51]

Apparatus for

determining the

consistency of

concrete mix

The invention is based on the principle

that the power required to rotate the

mixing drum varies as the consistency

of the mix. Thus, variations in inlet

pressure to a hydraulic motor that

drives the drum are utilized to actuate a

pressure gauge which the operator can

observe to follow the mixing

conditions in the drum.

Apparatus for

measuring and/or

controlling the

consistency of a

paste or slurry

2,629,790

Feb. 24. 1953

J. W. Laing

etal. [52]

In the present invention the consistency

of the mixture in a revolving pan is

measured by the angular displacement

of the slurry or paste moving in the pan

against the action of the substantially

constant opposing force of a spring of a

surface supported in immersed or

partly immersed condition in the slurry

or paste and to this end there is

mounted over the mixer pivoted arm or

frame from which depends into the

mixing pan an arm carrying a blade or

paddle the opposite end of the pivoted

frame having attached thereto a spring

opposing the angular displacement of

the pivoted frame, a pointer in the

frame indicating the displacement on a

scale.
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2,409,014

May.

1944

25,

C. I. Bohmcr Mix-consistency

andAl[53] indicator

concrete mixers

for

The invention consists in the

application to the drum of such a mixer

of an improved consistency or slump

indicator by which the mixed state of

the concrete-forming materials within

the drum may be exteriorly denoted

while the mixer is in active operation.

1,898,890 L. A.

Feb .21. 1933 [54]

2,013,837

Sept. 10, 1935

Perry 1 - Concrete

mixometer.

2- Consistency and

time indicating and

recording

equipment for

concrete

The invention consists in the provision

of an inclined plate adapted for

removable insertion within a drum for

reception thereon of progressive batch

samples, an indicating gauge directly

controlled by the fluidity of the mix,

means for retaining a record of the

latter activity and involving a time

element, and means for most

effectively controlling the water supply

to the mixture for attaining the

consistency requisite to a particular

desired ratio of the constituents

element.
' A

1,730,893

Oct. 8 1929

E. H.

Lichtenberg

[55]

Method of

apparatus

determining

consistency

concrete

and

for

the

of

The principle of the method is based

upon the observance by the fact that as

the water content of concrete mixture

increases, the physical condition of the

mixture changes rapidly and

proportionately, so that by the

association of an indicating device with

a concrete mixing apparatus in such a

manner as to be acted upon by the

material, it can readily calibrated to

determine the proper consistency for

the particular work.

None of proposed tests relate rheological properties as defined by the Bingham model or

any other rheological models to the measures obtained with the patented devices. They all

attempt to relate to workability as defined by the slump test. This limits their applicability

especially with concretes such as self compacting concrete (SCC) as the plastic viscosity

is ignored.

Measuring rheological properties of a concrete in a mixing truck was investigated for the

first time by J. A. Dackzko [1 1], In this limited study, two high-fluidity concrete mixtures

were proportioned and tested. Both mixtures composition only differed by the presence

or absence of plastic viscosity modifier admixture (VMA). The main finding of this

investigation was the apparent good correlation between the flow curve obtained with an

IBB rheometer [56] and a truck mixer equipped with a slump meter. The slump meter

can measure the hydraulic pressure to turn the drum. A minimum of three pressure

readings at three separate drum speeds were obtained. In this way, drum speed would

relate to impeller speed in the concrete rheometer, which relates to shear rate in the

Bingham model, and the pressure reading would relate to the torque measurement of the

rheometer, which relates to shear stress.



4 Measurement of Workability of Fresh Concrete during the

Mixing Operation in the Field

Considering the state of the art presented above, the main objective of this study was to

evaluate the workability of fresh portland cement concrete while it was still in the mixing

truck by determining fundamental rheological parameters (plastic viscosity and yield

stress). Nine concrete mixtures with different values of yield stress and plastic viscosity

were tested in a concrete truck. The measurements made with the truck were based on the

typical method of determining the flow behavior in a traditional fluid rheometer; that is,

the shear rate in the mixing truck was swept from high to low by varying the rotation

speed of the drum. The results of these experiments are discussed and compared with

data provided by the ICAR rheometer [5], a portable rheometer designed for measuring

concrete rheology in the field. The test results indicate that the mixing truck equipment is

sufficiently sensitive to detect differences in yield stress, slump, and plastic viscosity.

However, the plastic viscosity determined by the truck measurement did not correlate

with plastic viscosity as measured by the ICAR rheometer, while the yield stress

determined by the truck measurement did correlate well with the measured slump and the

ICAR rheometer results. Suggestions are given on how to improve the mixing truck for

better use as a rheometer.

4.1 Experimental Program

4.1.1 Materials

The cementitious materials used in all mixtures consisted of an ASTM C 150 Type I

Portland cement with a Blaine specific surface of 466.6 m2/kg and a density of 3 050

kg/m' and a ground granulated blast furnace slag. The two aggregates were a natural

sand denoted “La Plata” and a coarse aggregate denoted “Brandywine ’. The sand had a

maximum size of 3 mm and consisted of 2.8 % by mass of particles with dimensions

smaller than 0.15 mm (Sieve analysis listed in Table 5).

All admixtures were commercially available products. All concrete mixtures incorporated

a water-reducing and retarding admixture based on a sodium salt of organic acid mixture

and with a specific gravity of 1.2. The high-range water-reducing admixture (HRWRA)
was a polycarboxylate-based admixture with a specific gravity of 1.1. A plastic

viscosity-modifying admixture was also used.
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Table 5: Aggregate particle size distributions

us
Standard sieve

Mesh Size

[pm]
Cumulative mass retain %

Coarse aggr.

« Brandywine »**

#67 gravel

Cumulative retain %
Sand

« La Plata»

Sand

1 in 25000 0
3
/i in 19000 0.6

y2 in 12500 13.9

3/8 in. 9500 28.4 0

#4 4750 46.1 0.8

#8 2360 79.3 10.5

#16 1180 94.6 23

#30 600 97.37 48.2

#50 300 85.5

#100 150 97.2

FM 97.3

4.1.2 Mixture Proportions

Two distinct control mixtures of concrete — with the same types of materials but with

different proportions— were used in the experimental program. As summarized in Table

6, the two control mixtures were denoted CIO and C20. These control mixtures were

subsequently modified by using a high-range water-reducing admixture to increase slump

(C 11, Cl 2, Cl 3, C21, C22), incorporating a plastic viscosity-modifying admixture to

increase plastic viscosity (C14), or adding water to increase slump (C23). A total of nine

concrete mixtures were tested in this study.

Table 6: Mixture proportions

First Concrete Batch Second Concrete Batch

(50% Capacity) (100% Capacity)

CIO Cl 1 C12 C13 C14 C20 C21 C22 C23

Gravel (Oven Dry) kg/m3
1099.4 <—Constant—

>

+640.4 •(—Constant—*

Sand (Oven Dry) kg/m
3
774.0 •^—Constant—

*

+ 1042.8 (—Constant—*

Water (Free and Absorbed) kg/m
3
145.8 (—Constant—* + 157.0 (—Constant—*

Cement kg/m3
163.7 (—Constant—* +222.5 (—Constant—*

Slag kg/m' 163.2 •(—Constant—

*

+223.1 (—Constant—*

Set Retarder L/m3
0.656 •(—Constant—

*

+ 1.0 (—Constant—*

HRWRA L/m3
0 + 1.4 +1.4 +0.6 +4.0 +4.0

VMA L/m3
0 +0.2

Testing Time h 0.5 1.0 1.5 2.0 2.4 0.5 1.0 1.6 2.1

Temperature °C 18 19.5 20 20 21 29.5 30 31 31

Slump mm 70 110 170 240 150 60 120 60 40

The water quantity calculations take into account the initial moisture content of the

aggregates.

4.2 Rheometers

4.2.1 Using the mixing truck as a rheometer

To transform a truck mixer into a rheometer requires that at least two quantities be

measured: the rotational speed of the drum and the power consumption or torque induced

by the concrete during the rotation. To obtain both the yield stress and the plastic
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viscosity it is necessary to obtain more than one set of points (speed of rotation,

power/torque). The proposed methodology requires the measurement of the power during

mixing, the load volume, the mass of concrete, and the shear rate in the concrete, which is

deduced from the drum rotational speed and geometrical characteristics.

The values of these two variables (power and shear rate) at different speeds may be

plotted against each other. The slope of this resulting curve according to the Bingham

model will give the plastic viscosity and the intercept at zero shear rate will give the yield

stress. The concrete truck mixer used (Figure 2) was fitted with a device capable of

measuring the oil pressure to turn the drum (slump meter). The drum speed measurements

were manually made by two persons using a stopwatch. The Bingham test involves

sweeping shear rates from highest to lowest and measuring the stress at various shear

rates. Therefore, the drum was turned at the highest possible speed 1.67 rad/s (16 rpm)

and then gradually decreased in discrete steps to zero while the oil pressure was

measured.

The calculation method to determine the shear rate in the drum from the speed and the

truck geometrical characteristics was developed previouslv on section 2.2.3 and in Ref.

[33].

Figure 2: View of the truck used, the slump indicator, and the interior of the drum
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4.2.2 ICAR Rheometer

The ICAR rheometer, shown in prototype form in Figure 3, is a portable rheometer for

fresh concrete. The device utilizes a four-bladed vane that is immersed into the concrete

sample and rotated at a series of fixed speeds. The entire rheometer is approximately the

size of a hand-drill and can be either operated by hand or secured into a fixed position

above a standard container.

For each concrete mixture, the ICAR rheometer was used to perform a stress growth test

and to measure a flow curve. In the stress growth test, the vane was rotated at a constant

speed of 0.1 6 rad/s (0.025 rps) while the torque was measured. The peak torque was

recorded as an approximation of the yield stress as discussed in Ref. [57, 58]. After this

peak torque was reached, the flow curve was then measured. The vane was first rotated

at a speed of 6.3 rad/s (1.0 rps) for a breakdown period of 25 s. Torque measurements

were then recorded for five speeds ranging in descending order from 6.3 rad/s to 1.3 rad/s

(1.0 rps to 0.2 rps). The resulting data were analyzed based on the Bingham model,

whereby a straight line was fit to the plot of torque, T (N-m), versus rotation speed, N
(rad/s):

T = Y + VN (26)

The intercept, Y (N-m), and the slope, V (N-m-s), of this line were considered to be related

to yield stress and plastic viscosity, respectively. Due to the geometry of this rheometer,

it is difficult to determine the shear rate analytically in fundamental units [5],

The concrete was placed in a 410 mm diameter container and filled to a height of 390

mm, as shown in Figure 3. The vane, which measured 130 mm in diameter and 130 mm
in height, was positioned in the center of the concrete sample, resulting in a gap size of

140 mm between the vane and the sidewalls and a gap of 130 mm above and below the

vane.
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Figure 3 : View of the ICAR rheometer prototype, vane, and principal dimensions

4.3 Testing Procedure

The truck with an empty drum was tested initially by measuring the oil pressure versus

the rotation speed. This procedure, which was done only once, is shown in Figure 4. It

was not possible to measure pressure below 3.44 MPa (500 psi), therefore, preventing the

measurement of more than 2 data points.

The concrete was mixed in the central plant mixer for 1 0 min and then transferred to the

concrete truck mixer. For the first set of tests (CIO to Cl 4), the truck was filled at 50 %
of its maximum capacity, and then more concrete was added on top for the second set

(C20 to C23) to reach 100 % of its maximum capacity. The purpose on this sequence was

to determine the influence of the load on the results. Due to the progressive setting of the

concrete, it was not possible to really detect the influence of load volume influence on the

results.

After loading, the truck was moved to the laboratory location: therefore, the first

laboratory test on the concrete began 30 min after the first contact of water and cement.

The truck drum turned about 100 revolutions during the transport of the concrete between

the central plant and the laboratory. For each mixture, a small volume of concrete was

discharged from the truck for testing with the ICAR rheometer and the slump test. These

tests were conducted concurrently with the measurements from the truck. The

temperature of the concrete was also recorded.

After a set of measurements, the concrete was modified by incorporating an admixture or

adding water (see table 1). The concrete was then remixed in the truck and tests were

repeated. Five tests were conducted in the first set of tests (CIO to Cl 4) and four tests

were conducted in the second set of tests (C20 to C23).

To use the truck as a rheometer, the highest speed of the drum (1.74 rad/s or 16.66 ipm)

was maintained for 10 revolutions while the oil pressure was recorded. The speed of the



drum was then reduced in increments of 0.21 rad/s (2 rpm). The oil pressure and speed

were recorded at each increment of speed. These measurements produced the curve of oil

pressure (related to the torque) vs. rotational speed used to calculate the yield stress and

plastic viscosity.

5 Results and Discussion of the experimentation

5.1 Concrete Test Data

The fresh concrete measurements are summarized in Table 7. The flow curves obtained

from truck measurements are shown in Figures 4 and 5, while the flow curves obtained

from the ICAR rheometer are shown in Figures 6 and 7. The values of the yield stress

and plastic viscosity are deduced from these flow curves, as described by the Bingham

model, by calculating the intercept of the linear fit for the yield stress and the slope as the

plastic viscosity.

In general, the linear fit of the data for the ICAR rheometer is excellent, as indicated by

an average R" value of 0.965 for the nine flow curves. Typical stress growth test plots of

torque versus time from the ICAR rheometer are shown in Figure 8 for four selected

concrete mixtures. The plots are characterized by an initial linear, elastic response

followed by a nonlinear, viscoelastic response up to the peak torque (see Ref. [13, 14] for

more discussion of stress growth tests). After the peak torque is reached, viscous flow

occurs and the torque begins to decay gradually. The variation in torque readings is

typical for stress growth tests of concrete due to the wide range of aggregate sizes

present.

y = 2033,93x + 8074,00
CIO R 2 = 0,97

A Cl 1
y = 1595, 14x + 7650,97

R2 = 0,91

y = 1 848,OOx + 6250,32

Cl 2 R2 = 0,89

y= 1901, 16x +6074,10

OC14 R2 = 0,92

y = 2373,98x + 41 15,29

Cl 3 R2 = 0,96

Empty y = 642,2x + 3447,4

truck r2 = i

3000

0,5 1

Drum speed (rad/s)

1,5

Figure 4: Flow curves obtained with the truck mixer (empty truck, CIO to C14
mixture)
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Torque

(N*m)

Pressure

[Kpa|

14000

12000

10000

C20

C21

8000

0,00 0,50 1,00

Drum speed (rad/s)

[ ,50 2,00

Figure 5: Flow curves obtained with the truck mixer (C20 to C23 mixture)

T = 0.321 N + 4.38

R2 = 0.995

T = 0.155N + 3.04

R 2 = 0.991

T = 0.1 15N + 2.65

R2 = 0.872

T = 0.151N + 1.97

R2 = 0.979

T = 0.086N + 1.42

R2 = 0.986

CIO

C11

C12

OC13
C14

2 3 4 5

Rotation Speed (rad/s)

Figure 6 : Flow curves obtained with ICAR rheometer for Series 1 (CIO to C14)
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T = 0.154N + 4.66

R 2 = 0.945

T = 0.121N + 4.11

R
2 = 0.953

T = 0.105N +2.73

R" = 0.990 C20
T = 0.1 26 N + 2.33 m C21

R
2 = 0.969 a C22

OC23

0 1 2 3 4 5 6 7

Rotation Speed (rad/s)

Figure 7 : Flow curves obtained with ICAR rheometer for Series 2 (C20 to C23)
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Figure 8: Typical ICAR rheometer stress growth test results for selected mixtures

Table 7: Fresh concrete measurements

Truck Measurements ICAR Rheometer

Mixture

Designation
Slump Yield

Value

Plastic

viscosity

Value

Yield

Value

Plastic

viscosity

Value

Stress

Growth Max
Torque

(mm) ( kPa) (kPa-s) (N-m) (N-m-s) (N-m)

Empty truck 2131 1397

CIO 70 8074 2034 4.38 0.321 24.26

Cll 114 7651 1595 3.04 0.155 9.98

C12 171 6250.1 1905 2.65 0.115 9.26

C13 243 4115.3 2374 1.43 0.086 4.18

C14 152 6074 1901 1.97 0.151 9.42

C20 64 8471.9 3334 4.66 0.154 13.69

C21 121 6939 3282 2.73 0.105 8.77

C22 64 6079.7 3278 2.34 0.126 12.30

C23 38 7792.4 3177 4.11 0.121 20.77
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5.2 Evolution of Plastic viscosity

In Figure 9, the plastic viscosity ratio is shown for all the tests performed. The plastic

viscosity ratio is defined as the ratio of the measured plastic viscosity for a given test to

the plastic viscosity measured for the control mixture CIO or C20. It is necessary to use

the plastic viscosity ratio instead of the plastic viscosity value to compare the data from

the truck and the rheometer because neither device can produce the plastic viscosity in

fundamental units. The viscosity ratio is the only method to compare the two devices

[59]. The addition of the first dosage ofHRWRA to the control mixture CIO resulted in a

decrease in plastic viscosity as measured by both the truck and the ICAR rheometer.

Further additions of HRWRA to the same mix, however, produced different results from

the two devices. The ICAR rheometer indicated that further additions of HRWRA
resulted in further reductions in plastic viscosity while truck measurements indicated that

the plastic viscosity began to increase. The use of a viscosity modifying admixture

(VMA), a product intended to increase plastic viscosity, for mixture C14 resulted in an

increase in plastic viscosity as recorded by the ICAR rheometer but a decrease in plastic

viscosity as recorded by the truck.

In the second series of mixtures, the addition of the first dosage of HRWRA resulted in a

decrease in plastic viscosity as recorded by both the truck and ICAR rheometer. Like the

first series, the magnitude of the decrease in plastic viscosity was greater for the ICAR
rheometer than for the truck measurement. For the final two mixtures, the setting of the

concrete began to dominate the rheology. The addition of a second dosage of HRWRA
for mixture C22 resulted in an increase in plastic viscosity as measured by the ICAR
rheometer, while the truck rheometer recorded a value of plastic viscosity that was

essentially the same as mixture C21. Finally, the addition of water for mixture C23

resulted in a decrease in plastic viscosity as recorded by both the truck and the ICAR
rheometer.

In addition to the flow curve measurements indicated above, a second flow curve was

measured with the ICAR rheometer over a lower range of rotation speeds (from 3.1

rad/sec to 0.31 rad/sec). The concrete sample was remixed by hand between each flow

curve measurement; therefore, the second flow curve was measured approximately 3 to 4

min after the first flow curve. In the first measurements (CIO), the second flow curve

points simply extended the original flow curve closer to the origin. However, as the day

progressed and the concrete began to set, torque readings at low rotation speeds

suggested a negative slope of the curve at low shear rates, as illustrated in Figure 10. As

the plastic viscosity is defined as the slope, it would imply that this procedure resulted in

the calculation of a negative plastic viscosity, which is not physically possible. The final

mixture exhibited not only a negative slope, but an upward shift of the entire curve. This

same negative slope was evident in the truck measurements shown in Figure 4. When the

rotation speed is sufficiently slow, the microstructure of the concrete is able to reform

—

that is, the cement particles are able to agglomerate during the shearing process resulting

in an increase in torque. This phenomenon of a negative slope of the shear stress-shear

rate curve was also observed for cement paste rheological tests where the value of the

plastic viscosity was strongly dependent to the shear rate applied and the degree of

hydration of the cement paste. Further explanations are presented in [32],
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Truck

ICAR Rheometer

CIO C11 C12 C13 C14 C20 C21 C22 C23
Series 1 Series 2

Concrete Mixture

Figure 9 : Relative plastic viscosity, as defined by the ratio of the measured plastic

viscosity with the control mixture plastic viscosity, recorded by the mixing truck

and ICAR rheometer. The control mixtures are CIO and C20.
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Figure 10: Illustration of slope of the flow curves for selected ICAR rheometer

measurements

The correlations between the ICAR rheometer and truck measurements for the plastic

viscosity values are shown in Figure 11. No apparent relationship exists for plastic

viscosity. This disappointing result could be attributed to the lack of precision of the

pressure gauge (± 0.34 MPa or 50 psi accuracy), especially at pressures less than 3.45

MPa (500 psi) where the lack of graduation below this lower value prevented

measurements. Nevertheless, the results show that the truck is able to sense differences

between the mixes as the plastic viscosity varies between 1500 kPa-s and 4000 kPa-s.
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Figure 11: Correlation of plastic viscosity value between ICAR rheometer and truck

5.3 Evolution of yield stress

The relative variations in yield stress as recorded from the truck measurements, ICAR
rheometer, and the slump test are shown in Figure 12. The results between different tests

are generally consistent. The addition of HRWRA for mixture C 1 1 , C12, and C13

resulted in decreases in the yield values measured by both the ICAR rheometer and the

truck. Many authors [60, 61, 62] have shown that concrete slump is negatively

correlated to yield stress. Indeed, the slump increased as the truck measurements and

ICAR rheometer indicated a reduction in yield stress due to the addition of HRWRA.
The use of plastic viscosity-modifying admixture for mixture C14 resulted in increases in

yield value as determined by both the truck and the ICAR rheometer and a decrease in

slump as compared to mixture Cl 3. For the second mixture, the use of HRWRA again

resulted in reductions in yield value as determined by the ICAR rheometer and the truck

and an increase in slump. As with the plastic viscosity values, the yield values were

dominated by the setting of the concrete for the last two mixtures. As shown in Figure

13, the yield stress measurements from the ICAR rheometer and the truck were well

correlated.
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Figure 13: Correlation of yield value between ICAR rheometer and truck
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5.4 Conclusions

Based on the limited investigation (only one day of testing) of the feasibility of

measuring rheological properties directly in a mixing truck without any modifications, it

was determined that the mixing truck is itself a tool to obtain flow curves of the mixed

material as in any rheometer and that the flow curves measured by the mixing truck were

sensitive to changes in yield stress and plastic viscosity.

The comparison of the yield stress measured with the slump test, the ICAR rheometer

and the mixing truck showed a relative good correlation between the values measured.

On the other hand, the plastic viscosity measured by the truck or the ICAR rheometer did

not show a high correlation. The results of the ICAR rheometer measurements appeared

to be more realistic than the truck measurements as far as changes in plastic viscosity due

to addition of admixtures or water were concerned. This situation could be attributed to

various factors. For instance, the truck measurements had several sources of errors in the

precision of the measurements of the drum rotation speed and torque. A more precise

gauge for the torque is more essential, as it is probably the larger error source. An
automated speed measurement would also be desirable, although it is probably not a

major source of error in this study. Calibration methods are needed to obtain the results in

fundamental units and to better compare the test results with other rheometers. A more

accurate knowledge of the drum geometry might also lead to the calculation of the

rheological parameters in fundamental units.

In summary, this preliminary study showed the feasibility of measuring the slope and

intercept of the torque vs. speed plot from a mixing truck drum as a means of determining

concrete workability. The yield stress measured with this method correlated well with

the results of the slump test and the ICAR rheometer. More extensive studies are needed

for a reliable measurement of the plastic viscosity.
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6 General Conclusions

The goal of this study was to determine the feasibility of using a concrete mixing truck as

a rheometer. The approach was to first examine the literature and then to carry out a field

experiment.

The state of the art portion of this report concentrated on three topics:

• Energy needed for mixing

• Relationship between mixing and rheology

• Mixing in a concrete truck

Some historical background was given on concrete mixing trucks as well.

The main conclusion of this preliminary study is that it is possible to determine the yield

stress and the plastic viscosity of a mixture if the following concrete mixing truck

parameters can be determined with precision:

• Mass of the materials placed in the truck: this will allow the calculation of the

relative energy of mixing per mass of material

• Geometry of the mixing blade and the speed of rotation of the truck drum and

especially the diameter of the drum and the precise geometry of the blade (step,

angle of the spiral and the length of the blade). These geometrical factors will

allow the determination of the shear rate y of the concrete.

• Measurement of the speed of rotation of the drum. Once the mixture is properly

mixed at least 5 speeds should be controlled (5 rpm, 10 rpm, 15 rpm, 20 rpm, 25

rpm).

• The torque induced by the concrete to the drum, which is determined by the size

of the engine that turns the drum. The torque is also related with the hydraulic

pressure (easily measured). The torque measurement should be sensitive enough

to enable measurements even when the truck is empty of concrete. This will give

a base line.

The measurement of the torque and speed allow the determination of the plastic viscosity

of the concrete as a function of the shear rate and the volumetric power.

Obviously, more tests are necessary to determine the error of the measurements.

Calibration of the measurements to determine the plastic viscosity and yield stress in

fundamental units still needs to be developed.
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