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Abstract

Several methods have been proposed by organizations and concrete committees to determine
the mixing ratios of RCCP. These methods are generally experimental, semi-experimental, and
based on theoretical methods. Although, generally, in different methods of mixing ratio design, two
approaches of soil density and psychological (efficiency) approach are used. These two approaches
are respectively defined based on the optimization of the dry density of the sample by the optimal
moisture content and the mixing plan by the absolute volume. In this article, the various methods
presented to determine the mixing ratios of roller concrete have been investigated. These methods
are experimental and are based on making several test mixtures to determine the optimal design. In
recent years and with the development of the application of mathematical models in the concrete
mixing design, the use of semi-empirical and theoretical methods instead of experimental methods
to determine the mixing design resulted in a significant improvement in the properties of the fresh
and hardened roller concrete mixture, as well as reducing the number of experimental mixtures. In
this article, the different stages of two recent methods of pavement roller concrete mixing design,
including the optimal volume model of the paste (semi-experimental method) and the compressible
compression model (theoretical method), are presented, and the assumptions, considerations, and
achievements of each are discussed.

Keywords: pavement roller concrete, mixing design, optimal volume method of dough,
compressible compaction model.

I ntroduction

Roller crushed concrete, which is called roller concrete for short, refers to concrete with zero
slump. In its fresh state, it has a drier consistency compared to ordinary concrete and looks similar to
wet sand, and in its hardened state, it behaves relatively similar to ordinary concrete. The use of
roller concrete in paving as a new and advanced technology has expanded widely since 1990 (Ghei-
tarani et al, 2024- b). The most experience is related to the implementation of road construction
projects using this technology in the countries of America, Canada, Spain, and Sweden. The mixture
design for the paving roller concrete is prepared in low water-cement ratios (Zaker Haghighi et al.,
2014).

The roller concrete mix should be dry enough to bear the weight of the rollers and also
should be wet enough to allow the cement paste to spread throughout the concrete mass during mix-
ing (Norouzian & Gheitarani, 2024). The most important consideration in the plan of mixing con-
crete for pavement is to provide the required strength and durability of the plan. Also, according to
the special feature of roller concrete (dry concrete mix), providing sufficient efficiency to enable the
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implementation and proper compaction of paving and reducing the possibility of separation, is al-
ways one of the most important points to consider in optimizing the plan of mixing roller concrete
(Norouzian & Gheitarani, 2023).

So far, no standard method that has general acceptance has been provided for the plan of
mixing concrete for paving. The primary methods of determining the mixing plan of roller concrete
are mainly based on experimental methods that are associated with trial and error. In recent years,
new methods have been presented and used under the title of semi-experimental and theoretical me-
thods (Keles et al., 2024).

Theoretical

Experimental methods of roller concrete mixing design. Although about 20 years have
passed since the use of rolled concrete in a wide area for paving in the countries that have this tech-
nology, a specific standard for the mixing plan of rolled concrete has not been provided so far (No-
rouzian & Sarabi, 2023). The initial methods of mixing concrete for road pavement, which were
proposed by various authorities until about a decade ago, are mostly based on the experiences
gained from road construction projects (Maleki et al., 2024).

The common point in all these methods is the need to make experimental mixtures with the
actual conditions of project implementation to achieve the desired conditions, including resistance,
efficiency, and durability (Samami et al., 2024). In all these methods, usually, an initial estimate of
the composition of the materials is proposed based on the design requirements, and after making ex-
perimental mixtures and performing the desired resistance, durability, and efficiency tests, the pro-
posed initial ratios are modified by trial and error until the greatest convergence towards Obtain the
desired parameters (Dizaji, 2024).

The first group of experimental methods of roller concrete mixing plan includes the method
of mixing plan using a concrete consistency test (Khanian et al., 2013). This method is based on
achieving optimal efficiency at the level of the desired resistance level. In this method, several expe-
rimental mixtures are made by changing the values of the ratio of water to cement materials and the
ratio of sand to cement materials and sampling is done. Then the strength and durability of each
mixture are measured (Sarabi, M., et al., 2023).

According to the obtained results, the amount of water in the cement materials and the
amount of sand in the corresponding cement materials are selected to achieve the desired resistance
(Ghadarjani et al., 2013- b). After determining these ratios, the ratio of course to fine aggregates
(sand) is selected according to the desired consistency, so that the prepared mixture meets the dura-
bility and performance considerations (Gheitarani et al., 2020). A detailed description of the above
method is given in ACI 211.3-92 under the title of mixing design for non-slump concrete.

In this report, three tests of VB, density ratio, and Tool slump table have been recommended
and explained for the mixing design of the mentioned concretes (Gheitarani et al., 2013). Mix design
methods that use concrete consistency testing usually have specific and fixed parameters for the
mixture (Karimimansoob et al., 2024- b). Among these parameters, we can mention the amount of
water, the amount of cement materials, or the amount of aggregate. Then, by changing a parameter,
the desired consistency is obtained (Farrokhirad & Gheitarani, 2024). The second group of experi-
mental methods are methods that have been expanded and developed based on soil compaction test-
ing (Norouzian, M. M., 2024).

Since the initial idea of the implementation of paving concrete layers was presented to some
extent under the influence of the implementation of fixed cement foundations, the use of the soil
density method to determine the design of paving concrete mixing is justified (Dizaji et al., 2023).
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This method is the result of the experience of geotechnical specialists in the successful design and
implementation of roller concrete pavements (Sarabi et al., 2023- b; Naghibi Iravani et al., 2024- ¢).
The general principles of this method include the use of the percentage moisture-density curve of
fresh rolled concrete using the modified soil density test according to ASTM D1557 standard to de-
termine the optimum moisture level in a fixed grade of cement material (Safaei-Mehr, 2024).

Then, by changing the grade of cement and making test samples, the optimal mixing design
is selected considering the requirements of resistance and durability of the design. The optimal per-
formance of the mixture can be achieved at the optimal moisture level (GHADARJANI & GHEI-
TARANI, 2013). Like all the experimental methods of rolling concrete mixing design, this method
also obtains the initial approximate proportions and the design should be optimized and finalized
based on the construction of experimental mixtures in the laboratory and real conditions. The basic
considerations and the most important factors affecting the determination of the mixing plan using
the soil density theory include durability, resistance, and efficiency (Ghadarjani et al., 2013- b).

Among other experimental methods, we can refer to the method proposed by the Japan Road
Association in the instructions for making pavement roller concrete, which is based on conducting
the Marshall Compaction test to achieve the optimal mixing design. The use of this test is applicable
in asphalt pavement mixtures (Sahdeo et al., 2024). However, due to the special characteristics of
Japan in terms of climate, the road association of this country has presented this method of mixing
plan for roller concrete pavements, taking into account all safety considerations (Kahvand et al.,
2015).

M ethodology

Semi-experimental method: mixing design using the optimal dough volume method. The
basis of roller concrete mixing plan is based on adding a relatively small volume of dough (approx-
imately 18 to 20%) to a mixture of fine and coarse aggregates to make concrete without slump. Ex-
ternal compacting energy is needed to reduce the distance between the aggregates until the dough
fills all the surfaces and the space between the aggregates (Zakerhaghighi et al., 2015).

In the method of determining the mixing plan of roller concrete with the method of optimal
volume of dough, the above principle is used and the optimal mixing plan refers to a plan in which
the amount of dough is enough to fill all the spaces between the aggregates. In this method, the basis
of the work is to reduce the number of experimental mixtures by using a numerical model to optim-
ize the mixing of granular components of the mixture with different sizes (sand, cement, mineral
additives), (Safaei Mehr, M., 2023).

Therefore, this method requires less laboratory work (compared to other experimental me-
thods) and an analytical model to determine the optimal mixed design. The optimal volume of
dough is a semi-empirical method that obtains the optimal design based on the results of the experi-
mental mixtures and the numerical model (Karimimansoob et al., 2024- a). In recent years, exten-
sive laboratory research has been conducted to determine the optimization of this numerical model,
which has led to the presentation of various models. Gagne, by summarizing the assumptions of this
method and taking into account the special considerations of the paving roller concrete mixing plant,
presented the optimal dough volume method for non-aerated mixtures (Khanian et al., 2019).

This method consists of three relatively simple steps that require very few test mixes (two or
three test mixes) to ensure the performance and resistance of the project, which depends on the ac-
tual physical-chemical properties of cement materials and aggregates (Ghadarjani et al., 2013- a). To
estimate the initial values of the volume of dough and the ratio of water to cement materials, simple
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graphs are presented in this method (Sengun et al., 2024). The optimal mixing plan for paving roller
concrete should have enough paste to fill the space between the aggregates.

Of course, the selection of the type and grading of aggregates should be such that under the
applied compression, the volume density of aggregates reaches its maximum value. If the dough is
less than this amount, the holes left after compaction will reduce the mechanical quality and increase
the permeability of the concrete (Nasiri et al., 2024). If the granularity of the aggregates is not se-
lected, even with the application of additional compressive energy, our holes between the aggregates
will not disappear. If the amount of mixed dough is more than necessary we have increased the cost
of production without creating any significant positive effect on the resistance and permeability of
concrete, which reduces the economic justification of roller concrete (Aghazadeh et al., 2018).

Results

The optimal dough volume method consists of three steps:

e The first step: choosing the appropriate grading for aggregates (providing sufficient densi-
ty)

e This step includes choosing a suitable granulation for the combination of fine and coarse
aggregates.

e The purpose of proper grading of aggregates is to minimize the amount of voids after com-
paction.

The modified Fuller-Thompson formula can be used for the proper grading of aggregates
(Aghazadeh et al., 2019).

P=(d/D)"* x100 (1)

In this regard

d = sieve hole diameter or aggregate diameter in millimeters
D = maximum nominal size of aggregate in millimeters

P = calculated passing percentage for sieve size d

The gradation curve obtained from this formula is very similar to the gradation proposed by
the American Concrete Association. Of course, this relationship provides a dense graining relation-
ship for natural sand and coarse cubic grains (Hassoon & Abbas, 2024). The granulation resulting
from this relationship has high amounts of very fine materials. So that the materials passed through
the 160 mm sieve for the maximum nominal size of aggregates of 14 to 28 mm are obtained in the
range of 10 to 15 percent (Ghourchi, M. et al., 2018).

It should be explained that this amount includes very fine materials, aggregates, and all ce-
ment materials used (Gheitarani et al., 2024- a). The granulation curve obtained from the modified
Fuller-Thomson relation achieves the best compaction of aggregates when the shape, angle, and
smoothness of the aggregate surface are suitable enough for the applied compaction method.
Rounded natural aggregates (with smooth surfaces) and cubic aggregates create the highest density.
While the sharp-cornered aggregates, which contain large amounts of flat or long particles, produce
much less density (Sarabi et al., 2023- a).

Changing the characteristics such as the shape and smoothness of the surface of the grains
affects the density of granular materials up to twenty percent. The density of grains is highly depen-
dent on the shape and smoothness of the surface of the material passing through sieve No. 4. After
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choosing the amount of fine and coarse aggregates to create an ideal granulation, the volume of vo-
ids (Vvc) in the compacted granular model should be obtained (Aydin et al., 2020). This volume
(based on liter per cubic meter of compacted aggregates) can be measured by using an overhead to
compact a mixture of aggregates in a cylindrical sample on a vibrating table (Gheitarany et al.,
2013).

For this purpose, a modified VB device can be used. The volume of holes after compaction
is obtained from the final volume of compacted aggregates in the sample and the mixing ratio and
specific weight of each type of aggregate. Usually, in an optimal mix plan, the amount of air voids
of aggregates is less than 180 liters per cubic meter after compaction. To reduce this amount, natural
sand or rounded materials can be used, or the presence of coarse aggregates containing flat or long
materials can be avoided (Aghazadeh et al., 2017).

The second step: choosing the optimal volume of dough (to ensure efficiency). Many la-
boratory results indicate that the efficiency of the non-aerated concrete roller mix is a function of the
Vp/Vvc ratio, which in this ratio:

Vp = volume of dough in liters per cubic meter of concrete mix (cement materials + water =
dough)
Vvc = the volume of compacted aggregates in liters per cubic meter

In Figure 1, a relationship between the efficiency of the pavement roller concrete (in terms of
VB time) and the Vp/Vvc ratio is presented based on the results of laboratory research. The pre-
sented relationship is only an initial estimate and the exact relationship between these two factors
depends on the method of determining Vvc and the type of cement materials (Naghibi Iravani et al.,
2024- b). For example, based on the actual results in a specific Vp/Vve ratio, the VB time of the
mixture containing fly ash is less than the time presented in the above figure. This figure can be used
to estimate the required volume of dough (in liters per cubic meter of mixture) to achieve the desired
efficiency. Based on this approximate relationship, it can be said that a Vp/Vvc ratio between 1 and
1.5 is needed to ensure efficiency in the range of 40 to 90 seconds. One or two test mixes should be
made to accurately determine the volume of dough needed to provide the desired efficiency.
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Figure 1. Therelationship between the efficiency of the pavement roller concrete (in terms of
VB time) and the Vp/Vvcratio
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The third step: choosing the ratio of water to cement materials (providing strength). After
choosing the amount of dough volume to ensure the required efficiency, the third step of this mixing
plan method includes choosing the ratio of water to cement materials (w/cm) and the type of cement
materials to ensure the desired compressive strength. In general, reducing the ratio of water to ce-
mentitious materials increases the strength in all ages of concrete, and increasing the use of fly ash
as part of cementitious materials decreases the short-term strength (28 days) but increases the long-
term strength (91 days) of rolled concrete. The minimum required strength is usually considered
based on the short-term properties (7 to 14 days) of concrete so that there is a possibility of passing
on the pavement after this period. The approximate ratio of water to cement materials required to
provide the desired 28-day strength level can be extracted from Figure 2.

These data have been collected from the results of numerous laboratory research and imple-
mentation projects of rolled concrete paving. For a fixed amount of water to cementitious materials,
the highest compressive strength is usually obtained in mixtures containing 100% Portland cement
as cementitious materials or mixtures containing silica fume. The use of fly ash in the amount of 10
to 25% of cement usually reduces the compressive strength of 28 days by 15 to 20%. The exact ratio
of water to cement materials (w/cm) needed to ensure the required strength (compression and bend-
ing) depends on the physical and chemical properties of cement and aggregates (mechanical proper-
ties, surface texture, etc.). Two or three trial mixes may be needed to determine the optimum amount
of water for cementitious materials.

All these experimental mixtures should be made with the same optimal volume of dough as
determined in the previous step. A very important point in this field is the high dependence of the
mechanical properties of paving concrete on the degree of density of the samples. In such a way the
lack of sufficient compaction (less than 98%) causes a significant decrease in the mechanical prop-
erties of rolled concrete, especially in high-strength concrete. Therefore, it is very important to en-
sure the complete density of the manufactured samples, so that changes in mechanical properties
occur only as a result of changing the mixing design, and the density of the samples does not cause
these changes.
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Figure 2. Approximaterelationship between theratio of water to cement materials and the 28-
day strength of rolled concrete

Theoretical method: Mixing design using a compressible compression model. As men-
tioned above, the common experimental methods of pavement roller concrete mixing design are
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based on the construction of trial mixes to determine the optimal mix design. In recent years, the
presentation of theoretical models has led to considerable progress in the field of concrete mixing
design. By optimizing the ratio of different solid materials (including sand, gravel, cement materials,
and mineral additives), these models bring the compressibility of the mixed aggregate skeleton to
the maximum possible value.

These models take advantage of the simultaneous investigation of the effect of several fac-
tors on the properties of fresh and hardened concrete. The compressible compression model, which
was previously known as the suspended solid model, was first presented by the researchers of the
French National Organization for Applied Research and Development to optimize the design of
conventional concrete mixing by maximizing the compressibility of aggregates.

After the successful application of this model in the construction of high-strength concrete,
the Laval University Infrastructure Research Center in Canada applied changes to consider the dif-
ferences between roller concrete and normal concrete and used this model for the design of roller
concrete mixing. The results of several laboratory research projects as well as roller concrete pave-
ment construction projects in America and Eastern Canada have proven the successful performance
of the above model.

Since this method is based on mathematical calculations, a computer code has been prepared
to perform the calculations. This model can be used to determine the mixing plan of industrial
pavements that are under heavy loads. By optimizing the amount of cement materials in the mixing
plan, this model can be used for pavements with less design load such as urban pavements and agri-
cultural roads. This model can be modified quickly based on possible changes in the type of mate-
rials available at the project site.

Discussion

The most important advantage of this model is that there is no need to make multiple test
mixtures, so in most cases, only one test mixture is needed. The compressible compression model is
based on the optimization of the mixing of granular materials of different sizes, which directly af-
fects the porosity of the mixture in such a way that with the specified efficiency for the design, the
maximum compressibility of the dry mixture of materials is achieved. By using this model, the
short-term and long-term mechanical properties of rolled concrete are significantly improved and
the amount of cement required is reduced.

The compressibility of granular materials including gravel, sand, and cement materials de-
pends on the size distribution of the materials, the shape of the aggregate, and the interaction be-
tween the particles. The input data of the model for each of the mixture components (cement mate-
rials, mineral additives, sand) includes particle size distribution, specific mass, and porosity index.
Any type of aggregate, if the above information about it is available, can be used in this model. The
compressible compaction model determines the optimal ratio between fine and coarse aggregates for
the desired amount of cement and the ratio of water to cement.

For this purpose, this method provides the possibility of evaluating the density of different
granular materials with different diameters di (d1>d2>...>dn) based on the following:

. Specific density (1) of each granulation group, which expresses the density of an
aggregate group with the same diameter.
J The weight ratio (yi) of each granulation group, is calculated based on the total vo-

lume of mixed solid particles.
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. The model is derived based on Mooney's research on the viscosity of thick suspen-
sion of solid particles.

Based on the hypothesis of this research, the relative reference viscosity (r*) of a compacted
aggregate group is a limited value. The reference viscosity is determined based on the energy index
required for the complete consolidation of concrete (Dizaji, 2024). The more energy used in pouring
concrete, the higher the reference viscosity will be. The reference viscosity for each group of par-
ticles with size di is calculated using equation 2:

. 2.5
77r,j = eXp 1 1 (2)
R +7

o B

In this regard, 1 is the virtual density and [i is the real density for the desired particle size. In
theory, if spherical particles of the same size are placed on top of each other, the density will be
equal to 0.74, which is called the virtual density. But in practice, it is not possible to reach this num-
ber, and the maximum density that can be achieved with spherical particles of the same size is 0.64,
which is used as the true density in the above relationship. By replacing the values of i and [1i in the
relationship, the maximum viscosity for the desired particle size is obtained as 136,000 (Naghibi
Iravani et al., 2024- a).

According to equation 2, the more compact the mixture is, the more viscosity increases, and
the real compaction density is closer to the virtual compaction density. In practice, the actual density
of each granular material of rolled concrete with a certain particle size can be easily calculated by
experimenting. For this purpose, the VB table can be used to measure the porosity index. Another
method is provided to measure the density of materials such as cement, fly ash, and fillers, in which
a certain amount of cement is poured into the mixer and then a certain amount of water is added to
it.

The density of the tested material is equal to the volume of water added to change the state
of the material from dry to pasty. If the desired maximum relative viscosity is 136000 (which cor-
responds to a mixture of spherical particles of the same size), equation 2 can be used to calculate I
for each aggregate group. After the values of i have been determined for each group of aggregates,
the virtual density can be obtained based on the virtual density of different groups of aggregates us-
ing the following equations:

v = the minimum value for all yi when yi # 0 3)

The value of i is calculated based on the following equation:

B

Vi = _
Ly - Slieg [ 2 @
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As mentioned earlier, yi is equal to the weight ratio of each group of grains in the mixture,
which is formed based on the size of the grains. This value is determined using the grading curve for
each material. In this method, the placement of grains, the phenomenon related to the effect of loo-
sening, and the effect of the wall are taken into consideration in deriving equation 4 and are included
in the equation with the values of aij and bij. The relaxation effect, aij, occurs when a particle is not
small enough to fit in the void space between larger particles (Figure 3). The wall effect (Figure 4)
causes the particle density to decrease when it is placed in the vicinity of a larger particle.

(O O~

Figure 4. Effect of wall Figure 3. Effect of loosening of
particles

Coefficients aij and bij are calculated using the following equations:

aﬁj == (5)
d
b =4 (6)

After calculating the virtual density of the mixture the actual compressive density of the mix-
ture is obtained using equation 7:

. 0 2.5y,
7, =exp Z% 7)

To use the above equation, the reference viscosity value, r*, must be predetermined. In con-
ventional concrete mixing design, the concept of viscosity is related to the slump of the mix. When
normal concrete is poured with a vibrator, its viscosity is 2600, while without a vibrator, its viscosity
is 460 (Selvam et al., 2024). The reference viscosity for the roller concrete mixture with the desired
efficiency should be determined based on previous experiences. The average reference viscosity for
pavement roller concrete mixtures designed with the suspended solid model is equal to 3000000.

Conclusion

Based on what has been presented so far, the initial methods of mixing concrete roller are
mainly based on the experience of soil and concrete specialists, and based on the conditions of each
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project, the initial design is optimized by making trial mixes. The most important consideration in
the plan of mixing concrete for paving is to provide the required strength and durability of the plan.
Also, according to the special feature of roller concrete (dry concrete mix), providing sufficient effi-
ciency to enable the implementation and proper compaction of paving and reducing the possibility
of separation, is always one of the most important points to consider in optimizing the plan of mix-
ing roller concrete.

In recent years, with the introduction and application of semi-empirical methods (optimal
dough volume model) and theory (compressible compression model) that use mathematical calcula-
tions to optimize the granulation of aggregates, an attempt has been made to reduce the number of
required experimental mixtures. To determine the final design, the concrete is rolled. In such a way
that in the theoretical method, determining the optimal mixing plan is usually only possible by mak-
ing a test mixture. Based on the presented methods, it can be said that the provision of conditions
such as the proper grading of aggregates, the amount of water and cement consumed, and the energy
applied to the compaction of roller concrete play the main role in optimizing the mixing plant.
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