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Figure 1.3. lllustration of cement content reduction through aggregate gradation

optimization

There are many different aggregate optimization approaches currently being used
in the concrete arena. Researches showed that aggregate proportioning techniques such as
the 45 Power Chart, Shilstone Chart, and 8-18 Chart do not necessarily provides the
lowest void content (Ley et al., 2012; Obla et al., 2007; Quiroga et al., 2004) and might
not be the best tool to obtain aggregate blends for slip-form pavement mixtures (Taylor et
al., 2015). A newly developed Tarantula Curve is a modified version of the 8-18 chart
with adjusted upper and lower limits at different aggregate sizes (Ley et al., 2014) created
based on a large amount of empirical data from hundreds of mixes. While the Tarantula
Curve is likely the most recognized gradation for pavement concrete and has been
adopted by many agencies and contractors, like other aggregate optimization methods,
the biggest issue of the methods mentioned above is that none of them accounts for the
shape and texture of aggregates. Furthermore, although methods including the Tarantula
Curve can likely distinguish whether a gradation is good or bad, these approaches do not

provide information on which blend is exactly the optimum one and what the packing



degree is. Due to this limitation, these methods can serve as a supplemental tool in
concrete mix design, but are not adequate in guiding the gradation optimization process.
It is believed that the use of necessary particle packing models, such as discrete
theoretical models, can be useful. Besides obtaining optimum proportions, such models
are capable of predicting the particle packing degree. Moreover, due to the fact that
modeling inputs required factors such as individual packing of aggregates, these models
indirectly account for aggregate shape and texture. Previous studies have shown that the
Modified Toufar Model has a positive correlation between experimental and estimated
packing degrees. It is believed that by using the Modified Toufar Model to determine an
optimum packing, accompanied by experimental testing of the actual void content of the
aggregate, a simple and more effective guidance for aggregate optimization and concrete

mix design can be obtained.

Nebraska is known for its unique type of aggregates for concrete. A considerable
proportion of the aggregate used is a combination of sand and gravel that is mostly fine
aggregate yet with a small portion of particles within the coarse aggregate size range;
further, a relatively small amount (approximately 30%) of limestone is generally used as
coarse aggregate. The small amount of limestone implies a less expensive total cost of
aggregate and a lower amount of angular aggregates in the design, which generally
results in a relatively high pavement concrete workability compared to other states. More
importantly, the combined aggregate gradation could be compromised, which leads to a
higher cement content required for the concrete mixture. Current specification requires a

minimum of 564 Ib/yd?® (335 kg/m®) of cement content for pavement concrete.



Figure 1.4 represents aggregate sources in the state of Nebraska and lowa. As
shown in the figure, there is a lack of limestone sources in West Nebraska, making
granite and dolomite the more widely used coarse aggregate in that region. Granite and
dolomite might significantly differ from limestone in terms of gradation, shape, and
texture. While sand and gravel is used throughout the state of Nebraska, it is also
important to note that sand and gravel aggregate is typically coarser in West Nebraska.
Therefore, it is critical to use an effective aggregate gradation optimization tool that can

be applied to different types and sizes of aggregates.
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Figure 1.4. Aggregate sources in Nebraska and lowa

To ensure successful concrete optimization, it is important to adopt specific tests
to examine slip-formed pavement concrete workability. The Box Test and VKelly Test

were developed by Cook et al. (2014) and Taylor et al. (2012), respectively, with the



purpose of evaluating fresh pavement concrete behavior under vibration. It is believed
that both tests have to be examined for applicability in Nebraska where low coarse
aggregate concrete mixtures are being used. Moreover, the possibility of improving test

rankings should be discussed and attempted.

1.2 Objectives

Besides developing an effective mix design improvement method based on both
theoretical and experimental packing and fresh concrete performance, the main objective
of this work is to develop concrete designs for pavement applications in Nebraska with
reduced cement content through aggregate gradation optimization. Therefore, historical
data and information of Nebraska aggregate availability and gradation have to be
collected and analyzed. The study provides recommended pavement concrete mixtures to
ensure workability and constructability so that the mixes can be easily used in
engineering application and appropriate mechanical properties and durability
characteristics meet the Nebraska Department of Transportation (NDOT) specifications.
1.3 Thesis organization

The thesis is divided into seven chapters. Chapter 1 is an introduction, where the
general background and main objectives are provided. A literature review is presented in
Chapter 2, which includes a summary of different theoretical and empirical particle
packing models and gradation optimization tools, factors affecting aggregate packing,
and workability (quality control) tests of pavement concrete to justify optimized
aggregate gradation. Chapters 3 to 5 include the main experimental program and results
covering both East and West Nebraska aggregates. Chapter 6 summarizes all conclusions

and provides recommendations for future studies.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

There are many different approaches to optimize particle packing including
empirical methods, theoretical models, and experimental tests. In order to select the most
effective method for this particular study in terms of optimization and prediction of the
particle packing degree, a comprehensive literature review was conducted. Various
theoretical models and empirical optimization tools were evaluated for their advantages,
limitations, and simplicity. Besides this, factors impacting aggregate gradation and
workability of pavement concrete such as maximum size of aggregate, gradation,
aggregate shape and texture, and microfines content were discussed. Quality control tests
to justify optimized aggregate gradation were also presented. Moreover, mixture design
development for pavement concrete proposed by other researchers is discussed. Finally,
NDOT historical data was presented, and it was determined that the majority of the

blends currently used in the state are not optimum.

2.2 Particle packing theories and models

Concrete is composed of a skeleton of granular particles bound together with
cementitious paste. The philosophy of particle packing is to combine grains with the
lowest possible porosity to minimize the amount of binder. It is believed that the packing
degree mainly depends on three parameters: particle size distribution, particle shape, and
the method of processing the packing (De Larrard, 1999). There are various theories and
models developed to predict particle packing of different granular matrices as accurate as

possible.



2.2.1 Furnas Model

The first basic research on particle packing theory was conducted by Furnas
(1928) in his study of the flow of gases through beds of broken solids. His discrete theory
of binary system was based on the assumptions that particles are spherical in shape, small
and large particles are significantly different in size (particle diameter di<<particle
diameter d), and small particles fill out the voids among large particles without
disturbing their packing. There are two scenarios possible based on volumes of fine and
coarse particles: “fine grain domain” and “coarse domain”, meaning the volume fraction
of small particles is dominant and the volume fraction of large particles is dominant,

respectively. The model can be described as:

D" =@+ (11— @) *¢@q (2.1)

Where, ®* is the maximum packing density of the binary system, ¢,and ¢, are
individual packing densities for small and large particles respectively. If di=d., the so
called “wall effect” and “loosening effect” occur (Figure 2.1). The “wall effect” is a
phenomenon when an isolated coarse particle in the fine particle matrix disturbs the
packing and increases voids around. The “loosening effect” is when an isolated fine
particle in the coarse particle matrix appears to be too large to fit in the space between
coarse particles, thus disturbing the packing. If the difference in particle diameters is not
significant, the di/d. ratio has to be taken into consideration, which this model does not
account for. Therefore, the main limitation of this model is that it does not consider the

“wall effect” and the “loosening effect”.
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Figure 2.1. Wall effect and loosening effect (De Larrard 1999)
2.2.2 Aim’s and Goff’s model

According to Rudy (2009), in 1967, Aim and Goff suggested a simple geometrical
model to predict the packing density of binary systems. The main improvement was that
this model takes into consideration the “wall effect” in the first layer of spherical particles
in contact with a smooth and plane wall. Similar to the previous model, two scenarios are
considered in this method: the amount of fine particles is much less than the amount of
coarse particles, or the amount of fine particles is much more than the amount of coarse
particles. The first scenario implies that fine particles serve to fill the voids among coarse
particles, whereas the second scenario implies that fine particles serve as a media for
coarse aggregates to be embedded. The fraction of fine particles, V; resulting in
maximum packing density, can be calculated using the following equation:

V* B [((pl/(pz)—(1+0.9*d1/d2)*(p1]
()~ (1409: Mg, )]

(2.2)
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Where, di and d. are the diameters of fine and coarse particles, and ¢;and ¢, are
individual experimental packing densities. (1 + 0.9 % dl/dz) is the factor due to wall

effect, where d: and d» are the diameters of fine and coarse particles, respectively. The
packing degree can be calculated based on two cases depending on whether the volume

fraction of fine particles (V1) is higher or lower than V;':

ForV, =V, & = / (2.3b)

4] d
1- 1 9«1
[, + (L =V) * (1409 * /dz)
In the experimental study of Goltermann et al. (1997), this model did not correlate
appropriately with the test results. It was concluded that Aim’s and Goff’s model cannot

be used for realistic aggregates.

2.2.3 Modified Toufar’s model

The Toufar Model is the method to design multicomponent mixtures of particles
by maximizing the packing degree, which was created in the 1970°s and then modified in
the 1990s (Goltermann et al., 1997). The main concept implies that fine particles are not
able to fill interstices between coarse particles, and, as a result, the whole matrix consists
of two systems: one mostly composed of densely packed coarse particles and the other
consisting of areas of packed fine particles with discretely distributed coarse particles.
The main unrealistic assumptions made in this theoretical model are that 1) all particles
are spherical in shape, 2) monosized, and 3) coarse and fine particles differ in size
(d1<<d2). The first two assumptions can be corrected by introducing a characteristic

diameter of the aggregates and individual packing degree of the aggregates. The
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characteristic diameter can be obtained by the position parameter of the Rosin-Raimmler-
Sperling-Bennet distribution curve, which stands for the diameter, where 36.8% of
particles are retained. Goltermann et al. (1997) stated that the characteristic diameter and
individual packing degree minimize the deviations from the first two assumptions. The
third assumption can cause problems in the case of overlapping fractions of fine and
coarse particles with fairly different characteristic diameters. However, it was found from
an experimental study that the overlapping effect has an insignificant impact on packing
degree close to maximum packing or when the fraction of fine particles is high
(Goltermann et al., 1997). Once the characteristic diameter and individual packing

degrees are obtained, they can be used to obtain combined packing degree, @ as follows:

(2.4)

Where V1 and V: are the volume fractions of fine and coarse particles
respectively, and ¢, and ¢, are packing degrees of fine and coarse particles respectively.

k, is the diameter ratio factor and is calculated as kg = %, where dy and d> are
2 1

characteristic diameters of fine and coarse particles respectively, and kg is a statistical
factor. This factor was introduced after a later comparison by Goltermann et al. (1997)
showed that introducing a small amount of fine particles to a sample of coarse particles
does not increase the packing degree as expected. It is caused by the assumption that each
fine particle placed is limited only to four coarse particles surrounding it. Introducing a

statistical factor can overcome this unrealistic behavior (Goltermann et al., 1997).

For x < xo, ks = ( ) x Iy (2.5a)

x
X0
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(14+4xx)
Forx2xo ks =1 =700 (2.5b)
Where, x,=0.4753, k,=0.3881, x ::921%%§§?¥ggg
2

According to works of Goltermann et al. (1997), Rudy (2009), Jones et al. (2001),
and Moini (2015), the Modified Toufar Method has a high correlation of theoretical and
experimental packing results for binary blends of aggregates. Besides this, Goltermann et
al. (1997) collected more than 800 experimental results from his own studies and other
authors and compared them with the predicted packing degree (Figure 2.2). It can be seen

that the Modified Toufar Model predicts packing degree very well.
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Figure 2.2. Correlation between predicted and experimental packing degrees (Goltermann,

1997)

2.2.4 The Linear Packing Density Model (LPDM)
Stovall (1986) suggested a model for the packing density of multisized grains,

where the packing density is a function of the fractional solid volume of each grain size
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in the mixture. The input required to use this model includes the diameter of each grain
component (d;), the individual packing density (¢;), and individual fractional solid
volume (n;). The assumption is that grain sizes are continually distributed. The packing
density of multisized grains can be calculated as the infimum, which is the lowest number

in a set of numbers:

_ ®)
D =infy< - 20
fastsp [1—[1—(p(t)]*f;dx*n(x)*g(x't)_ftD dx*n(x)*f(X,t)] (2.6)

Where, ¢ (t)is the packing density of the grains group with diameter t (d<t< D),
“£” and “g” are the functions of local packing disturbance due to the introduction of

smaller or larger particles respectively, and can be calculated as:

f= (1 - di/dj)g'l +3.1+ (di/dj) N (1 - di/dj)z'g @.7)

According to Mangulkar et al. (2013), LPDM is a good tool in predicting
optimum proportions. However, based on the experimental study of different models by
Jones et al. (2001), LPDM underestimated void ratio of binary blends of fine and coarse

particles.

2.2.5 The Compressible Packing Model (CPM)
This model presented by De Larrard (1999) is based on the fact that the process of
compaction impacts the packing density. This mathematical model is developed to

predict the performance of concrete properties in the fresh and hardened stage and the
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packing density of aggregates and cementitious materials (Quiroga 2004). The method
allows for any number of fractions of aggregate/cementitious materials. The input
required includes the mean diameter and packing density of each fraction. It was also
stated that packing density is affected by the compaction method. There are several
methods of compacting aggregates, such as loose placement, rodding, vibrating with or
without external pressure, and wet packing. Table 2.1 presents packing processes with
corresponding compaction indices. The higher the compaction index, the higher the
packing degree (Figure 2.3). It can be observed that with the increase of compaction,
index packing degree grows exponentially. However, no matter what compaction method
is applied, ideal packing degree (1.0) cannot be reached. For coarse and fine aggregates
De Larrard suggested using vibration plus 1.45 psi (10 kPa) pressure, whereas for

microfines, a water demand test is suggested.

Table 2.1. Compaction Index with different packing processes

(According to de Larrard 1999)

Packing process K
Loose 4.1
Sticking with a rod 4.5
Vibrated 4.75

Vibrated + pressure 9
Wet packing 6.5
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T

Figure 2.3. Compaction index versus packing degree (De Larrard, 1999)

Jones et al. (2001) analyzed the CPM for its suitability in proportioning mixtures.
In the scenario of binary blends with fine and coarse fractions, the CPM overestimated
the void ratio. In terms of prediction of fresh concrete performance, the CPM Model was
calibrated using data of mixtures with slump more than 4 in, which implies that for stiff
mixes (slump lower than 4 in), there is a high probability that CPM predictions will be

inaccurate.

2.2.6 Modified Andreasen and Andersen Model
This model is based on a continuous approach rather than a discrete approach
described in all the aforementioned models. The model that was modified by Funk and

Dinger (Mangulkar, 2013) can be represented by the following equation:

di-al .
Py = % (2.9)
Amax~%min

Where P is the fraction of total solids being smaller than d, dmax indicates the
maximum sieve size (100% passing), dmin is the minimum size of the particle, and q is the

distribution modulus. Since fine particles are not able to pack in the manner that coarse
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particles (same in shape) do, Andreasen and Andersen limited the distribution modulus to
a range 0.33-0.50 (Wang et al. 2014). The main limitation of this model is that it is based

only on particle size distribution, and does not account for aggregate shape and texture.

2.3 Empirical gradation optimization methods

While some particle packing methods are based on theory and scientific
explanations, other methods are based on the strategy of proportioning particles by trial
and error. These empirical methods provide a criterion of “ideal” packing and suggest

proportioning particles when attempting to meet given criteria.

2.3.1 0.45 power chart

The 0.45 power chart was developed by the concrete industry in 1907, which is a
graph of percent passing versus sieve size raised to the power of 0.45. According to this
method, the optimum grading is defined by a straight line from the origin to the nominal
maximum size of aggregate (Figure 2.4). However, according to the study results of
Taylor et al. (2015), aggregate combinations obtained from the 0.45 power chart did not
always provide the lowest void content. Ley et al. (2012) also found in their research that
the 0.45 power chart is not the best way to obtain aggregate combination for a slip-
formed concrete pavement mixture. However, according to Cook et al. (2016), this
method can be useful in predicting a water reducer (WR) dosage that was required to pass
the Box Test. The closer a combined aggregate curve to the optimum one, the less
amount of WR is required. Ramakrishnan (2004) stated that the mixes obtained using the
0.45 power chart resulted in higher strength and better workability compared to such

methods as the Shilstone Chart, and the 8-18 curve.
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Figure 2.4. 0.45 power chart

2.3.2 8-18 curve

The 8-18 Chart is a tool based on an individual percent retained (IPR) to provide a
uniform blend by limiting the amount of each sieve size particles. It focuses on
graphically evaluating excess and deficiency of particles of particular sieve size.
Traditionally “8-18” boundaries (Figure 2.5) are suggested for each sieve size from 1/2
in. to #30. According to Cook et al. (2016), it is a useful tool in predicting required WR
dosage to achieve appropriate workability. However, Quiroga et al. (2004) stated that “8-
18” boundaries do not guarantee good workability, and sometimes low packing cannot be
achieved due to lack or excess of either small or large particles, which is why this method

should not be used when dealing with aggregates with a high amount of microfines.
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Figure 2.5. IPR chart with ‘8-18’ limits

2.3.3 Tarantula curve

The Tarantula Curve is an empirical method to proportion aggregate content
developed by Ley (2012) after comparing workability of the mixtures with different
gradations using the Box Test. Consequently, boundary limits on an individual percent
retained chart were modified (Figure 2.6). There are also recommendations for the
amount of coarse sand to provide appropriate cohesion (total volume retained on #8 to
#30 sieves must be at least 15%), and for the amount of fine sand to provide adequate
workability (total volume retained on #30 to #200 must be within 24% and 34%).
Historical data from the Minnesota Department of Transportation shows that with time

aggregate combinations were developed by trial and error to fall into Tarantula limits

18



19

without knowing of the Tarantula Curve (Ley, 2013). According to Taylor (2015), similar
results were reported in lowa, North Dakota, and South Africa. Moreover, Texas slip-
formed pavement sections utilizing this method to obtain the mixture showed a good
response to vibration and resulted in low cementitious material content (4.75 sacks). This
method cannot be used for roller-compacted concrete, self-consolidating concrete, and
pervious concrete since the scope of the work focused on slip formed pavement concrete
and traditional flowable concrete applications. However, the main issue of this approach
is that, though it can define if a blend is good or bad (within Tarantula limits or not), it is
not suitable for comparing good blends, i.e. if several blends are within the provided

limits, it is hard to tell which one is exactly the optimum one.
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Figure 2.6. Tarantula curve
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2.3.4 Coarseness factor chart

The Coarseness Factor Chart, also called a Shilstone Chart, is a graphical method
to analyze combined aggregate particle distribution. The chart is made up of a coarseness
factor (CF) as a horizontal axis and a workability factor (WF) as a vertical axis. CF and
WEF can be calculated using equations (2.10) and (2.11). The chart is divided into five
different zones (Figure 2.7). Zone | stands for the gap-graded mixtures. Due to deficiency
of intermediate aggregates, there is a high risk of segregation during consolidation. Zone
Il indicates a well-graded mixture with a maximum aggregate size from 1.5 in. to % in.
Zone Il is a continuation of Zone Il but with a maximum aggregate size equal or smaller
than %2 in. Zone 1V represents mixtures with an excess of fine particles, which can lead to
segregation and high permeability. Mixtures falling to Zone V have an excess of coarse

particles.

(2.10)

WF = W + (2.5 . C‘““)

94

Where, W is the cumulative percent passing No.8 sieve, and C is the cementitious

material content (Ib/yd®).
CF = (3) + 100 (2.11)

Where, Q is the cumulative percent retained on the 3/8 sieve, and R is the

cumulative percent retained on the No.8 sieve.
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Figure 2.7. Coarseness factor chart

According to Ley et al. (2012), the location on a Coarseness Factor Chart does not
necessarily have a significant relationship to the response of a concrete mixture to
vibration. However, it was found that mixes falling into Zone Il were able to hold an
edge. Cook et al. (2016) concluded that the coarseness factor is not a useful tool to
predict the water reducer dosage required for adequate workability of pavement concrete.
A single location on the chart did not result in similar WR demand. Conversely, some
mixtures were located at different regions but resulted in almost the same WR dosage to
pass the Box Test. According to Obla (2007), optimizing aggregate gradation using a

Shilstone Chart does not result in a lower void content within the aggregate matrix.
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2.4 Factors impact aggregate packing and workability of pavement concrete

2.4.1 Maximum size of aggregate

A larger maximum size of aggregate is reported to positively impact concrete
workability due to less specific surface area of aggregate (Quiroga et al., 2004). In an
investigation of optimized graded concrete, Cook et al. (2013) examined the influence of
the maximum size of aggregate by analyzing mixtures with three different maximum
sizes with the same sand content and no particles of one sieve size exceeding 20%.
Larger aggregate size resulted in lower WR dosage necessary to pass the box test, but the
difference is too insignificant to state that increasing maximum size can lead to better
workability. It was also mentioned that using larger aggregate size could be beneficial in
producing aggregate gradation with no excessive content of material on a single sieve
size because there would be more sizes to distribute aggregate. Ley (2012) attempted to
correlate results from the slump test and box test. It was found that, due to the stronger
aggregate interlocking, mixes with coarse aggregate with a maximum size of 1.5 in.

required a higher slump to pass the box test compared to ¥4 in. coarse aggregate.

2.4.2 Gradation

It is useful to analyze the combined aggregate grading as they present in a
concrete mixture. Sometimes there is a deficiency of mid-sized aggregate (around 3/8 in),
which leads to concrete with high shrinkage properties, poor workability, and high water
demand (Kosmatka et al. 2008). Kosmatka et al. (2008) referred to Abrams (1918) and
Shilstone (1990) who mentioned benefits of combined aggregate analysis: by keeping

cement content constant, the optimum aggregate combination can be found that will lead
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to the most effective water to cement ratio and higher strength. In addition to this,

mixtures with optimum gradation respond best to a high-frequency vibrator.

2.4.3 Aggregate shape and texture

The aggregate shape is a very important characteristic that has an impact on paste
demand, workability, and strength. According to Kosmatka et al. (2008), aggregate shape
and texture have more impact on fresh concrete rather than hardened concrete. The shape
is mainly associated with sphericity, flatness, angularity, and roundness (Quiroga et al.
2004). The aggregate texture is mainly related to roughness of a particle. Rached et al.
(2009) found that mixtures with poor aggregate shape required more cement paste. Cook
et al. (2016) concluded that angularity and number of flat particles play a significant role
in workability of pavement concrete. Based on Quiroga (2004), a high amount of flat
coarse aggregates can lead to finishability issues. Aggregate shape and texture
significantly influences particle packing. Kwan (2002) compared the correlation between
different aggregate shape characteristics (flakiness ratio, elongation ratio, sphericity,
shape factor, convexity ratio, and fullness ratio) and particle packing. Results indicated
that the two factors most affecting the particle packing are shape and convexity factors.
They had a correlation coefficient of 0.859 and 0.828, respectively, when considered as
individual factors; when considered together, the correlation coefficient was 0.893. Obla
(2011) and Quiroga et al. (2004) stated that concrete workability is affected by the shape

and texture of fine aggregate more than coarse aggregate.

2.4.4 Microfines content
Aggregate particles finer than 75 microns (#200 sieve), usually referred to as silt

or clay, can be present in sand and gravel deposits (Lamond et al., 2006). It can also be



