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Abstract: The main causes of poor performance of cement-treated crushed stones (CTCS) pavement layers are
material-related heterogeneity, porosity, and brittle cementitious matrix, leading to fast fatigue degradation. Seeking
to improve CTCS mechanical properties and structural response it was studied different grading curves such as DER-
SP, EN 14227-1 CBGM 2 and RCC-ACI were studied. The aim of the laboratory study was to rank and select among
the classical particle size distribution models like Talbot & Richart, and analytical models as compressible packing
model — CPM, the best grading curve which was capable of producing mixtures with the best aggregate interlocking
and improved mechanical resistances. The effect of cement content (4% and 5%) as well as the potential of using
silica fume in suspension (percentages of 5, 7 and 10% of cement mass) to improve the interfacial transition zone
were evaluated. It was found that CPM is a powerful tool for aggregates ranking aggregates and designing well-
graded mixtures like CTCS; the CBGM 2 EN 14227-1 mean curve achieved the best packing density. The effect of
increasing the cement content from 4 to 5% in terms of mechanical strength has the same result as the addition of 7%
of silica fume in mixtures with 4% cement. Eventually, mixtures with 5% cement and 10% silica fume showed
modulus of elasticity similar to traditional CTCS; nonetheless, the HP-CTCS (high performance CTCS) split tensile
strength was significantly higher (about 28%), leading to a lower E,/f..,, relationship, which is a highly positive
outcome to improve mechanical durability of this innovative dry compacted concrete.

Keywords: high performance cement-treated crushed stone, mechanical strength, aggregate packing,
supplementary cementitious material, silica fume in suspension.

Resumo: As principais causas do desempenho insatisfatorio de bases de brita graduada tratada com cimento (BGTC)
esta relacionada a sua matriz cimenticia heterogénea, porosa e fragil que favorece o processo de degradagdo por
fadiga. Assim, buscando melhorar as propriedades mecanicas e resposta estrutural da BGTC, o presente estudo
avaliou diferentes faixas granulométricas (DER-SP, CBGM 2 EN 14227-1 e CCR-ACI) através de modelos classicos
de distribuicdo de particulas como Talbot & Richart e modelo analitico do empacotamento compressivel
(compressible packing model — CPM) para classificar e selecionar curvas granulométricas capazes de potencializar
o empacotamento das particulas e melhorar a resisténcia mecéanica da mistura. O efeito do teor de cimento (4 ¢ 5%)
foi avaliado, bem como o potencial de se utilizar silica ativa em suspensdo (em porcentagens de 5, 7 e 10% da massa
de cimento) para modificar a zona de transigdo interfacial. Verificou-se que 0 CPM é uma poderosa ferramenta para
a selecdo e projeto de misturas bem graduadas; a curva média para a faixa CBGM 2 da norma Europeia EN 14227-
1 apresentou a maior densidade de empacotamento. O efeito do aumento do teor de cimento de 4% para 5%, em
termos de resisténcia mecénica, poderia ser compensado pela adi¢do de 7% de silica ativa a mistura com 4% de
cimento. Por fim, misturas com 5% de cimento e 10% de silica ativa apresentaram valores de modulo de elasticidade
muito similares aqueles tradicionalmente obtidos para BGTC; contudo, a resisténcia a tragdo indireta da BGTCAD
foi significativamente maior (em torno de 28%)), levando a uma relagdo modular (£, ,/f.,,) menor, o que é promissor
em termos durabilidade mecanica para esse tipo de concreto seco.
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1 INTRODUCTION

Stabilization of soils and granular materials has long been used in the 20" century by road engineers to improve the
stiffness of base materials considered unsuitable for paving. Stabilization can be achieved by mixing different materials
to change the grain size distribution or even by adding chemicals to the original material, or by combining both
processes, to obtain mechanical benefits. The first is achieved by means of improvements of mixture gradation seeking
to increase the aggregates interlocking; the second one is associated with the addition of a stabilizing agent such as a
hydraulic binder, lime, some types of pozzolans and blast furnace slag activated by lime or cement [1]-[5].

York [1]-[12] defines as cement-bound materials the “[...] granular material or soil mixed with cement and
compacted at or about optimum moisture content by external vibration” and separates the whole family in five
categories covering since cement-stabilized soil mixtures up to roller compacted concrete, as illustrated in the Table 1.

Table 1. Range of cement-bound materials (adapted from York [6])

Cement content

Type of mixture Main material (by weight) Strength (7 days) Cement effect
Partial improvements of material features,
Cement stabilized soil Soil Less than 5% CBR 15-30% such as plasticity, water susceptibility and
swelling.
The crystals generated from the cement
. _ Compressive hydrati_on create a skeleton whigh invo!ves
Soil cement Soil Over 5% the soil particles and fix them, increasing
strength 1-5 MPa . .
the compressive and tensile strength of the
mixture and stiffness as well.
. Limited to form connection points between
Cement-bound granular ~ Well graded From 3 to 5% Compressive the a tes since th ; tent i
materials (CBMG) crushed stone ’ strength 4-10 MPa geregates since the mortar content 15
scarce to involve the grains completely.
The volume of paste is higher than CBGM
Lean concrete Well graded Over 5% and less Compressive materials, creating a material with higher
crushed stone than 10% strength 7-20 MPa strength and stiffness, but the grading
envelope is narrower than CBGM.
Relative stiff mixture of aggregates
(maximum size not larger than 19 mm).
Mixtures should have enough paste volume
. to fill the internal voids in the aggregate
Roller compacted Well graded Range from 10 to Compressive mass. Mixture can be designed regarding
concrete (RCC) crushed stone 17% strength > 20 MPa )

two proportioning methods: soil compaction
tests and concrete consistency tests (Vebe
apparatus). No mandatory enveloped grain
size distribution.

In Brazil, cement stabilized materials have been used since 1950s, initially through soil-cement mixtures (in state
of Sao Paulo). From 1967, it started the application of cement-treated crushed stones (CTCS; BGTC is the abbreviation
in Portuguese) as base for asphalt pavements under heavy traffic. These mixtures still are produced with cement
contents of 3% or 4% (cement consumption from 75 to 90 kg/m?®). However, many road projects employing CTCS (as
pavement base underneath asphalt layers) presented poor performance including premature failures and intense fatigue
cracking propagation to the asphalt surfaces after about two years of traffic exposure [7]. This kind of problem with
CTCS remains currently with records of cement-treated base fatigue life consumption 21 months after construction as
recently observed at the BR-101 highway [8], [9].

It should be noted that restrictive compaction procedures are hardly specified for the CTCS standards. The reasons why
pavements constructed with CTCS as a base have presented poor performance (early cracks), among other causes, are explained
by the material porosity, heterogeneity and brittle cementitious matrix, which favor quick fatigue damage [10]. Pour design
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failures in terms of CTCS thickness in face of truck loads were also identified in most cases. It is worth to emphasize that CTCS
strength is an outcome of the combined effect of granular skeleton and cementitious matrix; the first effect is responsible for the
mechanical stability of the mixture through aggregate interlocking and the second is accountable for tensile strength and stiffness
development through bonding bridges connecting aggregate particles, promoted by cement hydrated products.

It is well documented in the technical literature that the higher the cement consumption, the higher the mechanical
strength, as the amount of hydrated products is equally greater [2], [11]-[14]. However, it should be noted that this
strength gain by increasing cement contents has relevant economic impact as well as the addition of silica fume
emulsified, not quantified herein, beyond increasing undesirable drying shrinkage, which has represented a concerning
factor for the use of cement-bound materials like RCC and CTCS for road construction.

From this background, it was identified needs of improving the CTCS performance seeking to achieve a more
homogeneous matrix, bringing it closer to an RCC without significantly increasing its cement content as well as not
significantly modifying its stiffness, an important factor for design of cemented base layers. Then, the desired
improvements can be reached through aggregate grading improvements, favoring the interlocking between particles
and mineral additions capable of improving the microstructure of the cementitious matrix, especially the interfacial
transition zone (ITZ) between the aggregates and the cement paste. This interfacial transition is considered the weakest
link in the chain because the cement content is low, generating reduced mortar volume within the matrix.

Cargnin et al. [15] investigated several grading curves for cement-treated materials embracing Brazilian specifications for
CTCS like the ABNT NBR 11803 [16], DER-SP [17] and DER-PR [18], as well as international specifications such as the
European Standard EN 14227-1 [19], the American Portland Cement Association (PCA) [20] and American Concrete Institute
(ACI) [21] grading curves for cement-treated materials and RCC, respectively. Initially, the authors analyzed the grading curves
through the Talbot coefficient and picked up three of them (DER-SP specification for CTCS, the ACI grading curve for RCC,
and the EN 14227-1 CBGM 2 envelope) which were reproduced in the laboratorial study. The authors confirmed (for a
significance level of 95%) that the size distribution has a significant impact on compressive and indirect tensile strength; the
compressive and the indirect tensile strength were 20% and 10%, respectively, higher for CBGM 2 (EN 14227-1) compared to
mixtures produced according to DER-SP specification and RCC (ACI specification).

Regarding mineral additions, it is known that supplementary cementitious materials like silica fume and pozzolans
have positive impacts on mechanical properties of concretes, reducing the extension of the ITZ, making it less porous
and increasing, consequently, the strength and durability of the concrete [22]-[24]. Marchand et al. [25] addressed that
the cement paste fractions of concretes produced with low cement content (<300 kg/m?) is significantly less
homogeneous than conventional concretes. However, the addition of silica fume and fly ash enhanced the homogeneity
of the RCC paste. Vahedifard et al. [26], studying low-cement content RCC with the addition of silica fume obtained
significantly higher compressive strengths than the reference concrete; for RCC with 12% cement and 10% silica fume,
the increase of strength was around 19%, whilst for mixtures with 15% cement content the strength was 22% higher
than the reference. This is an outcome of the silica fume contributing to ITZ densification through the filler effect
(particles of silica fume are lower than 1 um refining the porous structure) and the chemical effect resulting from
pozzolanic reactions (formation of additional C-S-H due to the reaction of SiO» with the calcium hydroxide — Ca(OH),.)

Therefore, the main objective of this study is to discuss the formulation of a CTCS mixture with high performance
namely HP-CTCS (BGTCAD, in Portuguese), regarding the granulometric distribution; the grading curve of interest
was selected based on the analysis following classical particle size distribution models and an analytical model
(Compressible Packing Model — CPM [27]). The effects of cement content and the potential of adding silica fume
emulsion as an agent capable of modifying the ITZ are highlighted through analyzing the parameters such as
compressive and indirect tensile strength, and modulus of elasticity, beyond measuring the HP-CTCS Poisson’s ratio.

1.1 Grading curves analysis

Combining grains through particle packing models and techniques seeking to minimize porosity in cementitious
materials has been a prevailing activity reported by several authors, since it allows the use of significantly smaller
amounts of cement to produce mixtures without jeopardizing their mechanical parameters [27]-[31].

Several studies have reported the production of concretes with significantly lower cement consumption than
conventional concretes using particle packing models to optimize the concrete proportioning [29], [31]-[33]. Although
most of such models have been developed for plastic, self-compacting and ultra-high strength concretes, their
application for cement-stabilized materials like CTCS becomes reasonable, especially considering the low cement
consumption and relevance of the granular skeleton to the mechanical strength of this material.
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1.1.1 Particle packing models

The development of well-graded mixtures for pavements like crushed stones, Portland cement concretes, cement-
treated aggregate materials, and conventional hot mix asphalt (HMA) are based on the Fuller and Thompson [34] studies
as well as Talbot and Richart [35], which describe a curve given by an exponent relation between the particle size and
the maximum aggregate size, according to Equation 1.

p=100-(3)’ m

where p is the percentage by mass of particles passing through a sieve with diameter d; d is the diameter of the
considered sieve; D is the maximum aggregate size; n is the variable exponent also known as modulus distribution
(maximum density attained for n = 0.50).

Apart from this classical model, other studies proposed some changes in this approach. Andreasen and Andersen [36]
and Funk and Dinger, as addressed by Kumar and Santhanam [32], proposed some adjustments in the classical model; the
first study used the same Equation 1 but proposed an exponent range between 0.21 and 0.37 determined experimentally
for plastic concretes; Vanderlei [37] highlights that for flowable concretes, 7 values should be below 0.30; self-compacting
concretes, on the other hand, should present n lower than 0.23, whereas mixtures with » around 0.32 require vibration to
attain a good densification, like roller compacted concretes [32].

Funk and Dinger [38] addressed that the classical model has a limitation regarding the minimum particle size, as it
does not assume a minimum particle diameter as proposed in the following model (Equation 2):

— dn_dmin’rl

- Dn_dminn

P 2

where p is the percentage of particles passing through a sieve with diameter d; D is the maximum particle size; dx 18
the minimum particle size.

Although these models were developed for plastic, self-compacting and ultra-high strength concretes, their
application to cement-stabilized materials are reasonable, especially considering the low cement content in CTCS and
the relevance of aggregate skeleton to the material mechanical characteristics. Several studies have reported the
production of concretes with reduced cement content using particle packing models to optimize the aggregates
consumption and the volume of paste [29], [31]-[33].

Nevertheless, researchers have emphasized that the main issue with these models is the fact that they do not consider the
effect of particle shape, as well as the interaction between larger and smaller grains and compaction effects [28], [29], [31],
aspects considered in the analytical models.

Particle packing analytical models describe through mathematical equations how aggregate grains with different
sizes interact between each other also considering their geometry. Several authors emphasize the compressible packing
model (CPM) developed by Larrard [27] as the most complete among analytical models for packing optimization since
it covers the interaction between any fraction and size distribution including the effect of densification type [28]-[32].
This model is based on the virtual packing density and the compaction index, seeking to predict the real packing density
of a polydisperse mixture regarding the following parameters: (i) the packing density of each mono-sized aggregate
class, (ii) the mixture size distribution and, (iii) the compaction energy.

In a mixture composed of # classes of mono-size particles separated through sieving process, it is necessary to know
the packing density (f3;) of each class i, experimentally determined knowing the specific mass (p4) and the unit mass
(p.) as described by Equation 3:

ﬁi=1_"dp;"u (3)
d

The virtual packing density is then determined by Equation 4 as follows, and is the lowest value obtained for each
i class, considered as dominant:
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— Bi
| Ca— 1 n B @)
1—Zj=1[1—3i+bijXﬁi(l—ﬂ—i>]XYj—Ej=i+1[1—aij><ﬁ—j]><Yj

where y; is the virtual packing density; §; and f; is the packing density for each particle class, being i the dominant
class and j the other classes for each combination of particle sizes; y; = volume of material normalized by the total sum
of percentages passing from grading curve; a;; and b;; are the interaction effects between particles defined, respectively,
as the loosening and wall effect.

The wall effect describes the action held by the coarse particles on the small grains, which causes a decrease in the
packing density by increasing the porosity surrounding the large particles. The loosening effect, on the other hand, is
the distance between particles caused by the small ones when they are too large to be positioned in the voids existing
between coarser particles. These effects can be calculated by Equations 5 and 6 and are illustrated by Figure 1.

dN\1.02
1.5
J

where a;; is loosening effect; b;; is the wall effect; d; is the diameter of particles in the class i; d; is the diameter of
particles in the class ;.

“7>: Loosening effect

s :1\ Wall effect

Figure 1. Loosening and wall effects between particles in a polydisperse mixture. Source: Adapted from Larrard [27].

Finally, the effect of the compaction energy on the packing density is considered in the modeling through the
compaction index (K), which expresses how much the real packing is close to the virtual packing and is calculated through
the Equation 7. According to Larrard [30], as K tends to infinite number, the real packing density tends to virtual packing
density. The author also recommends a K value of 14 for roller compacted concretes, 6.5 for self-compacting concretes
and around 5 for normal vibrated concretes. Moreover, comparatively, it should be noted that in the case of dry concretes
like RCC, compaction is a critical step for densification, whereas in the case of self-compacting concretes, which are
flowable mixtures, the effect of interest is the shear deformation, as the mix gravity plays the main role in densification.

Yi

K=3L, 5 )

v

In the above equation K is the compaction index; y; is the relative volume of material for each class; £3; is the packing density
experimentally determined for each class; y; is the virtual packing density; and @ is the real packing density.
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2 MATERIALS AND METHODS

The first step of the experimental study consisted of studying the particle size distributions regarding the theoretical models
above described. Firstly, three particle size distributions from the bibliographic survey were picked up to analyze their
modulus distribution (variable exponent in Equation 1). Afterward, it was determined three granulometric distributions falling
into the limits for each grading curve to be analyzed regarding the models described by Equations 1 and 2, as well as the
packing density in the CPM.

The particle size distributions were picked up thinking to meet the most used Brazilian, American and European
specifications, which are: Departamento de Estradas de Rodagem do Estado de Sao Paulo (DER-SP) [17] CTCS specification,
the European Standard EN 14227-1 [19] cement bound granular mixture 2 (maximum diameter of 20 mm) and the American
Concrete Institute (ACI) [21] grading curve for RCC based on the United States Corps of Engineers (USACE) guide specification
for RCC, and Pittman and Ragan’s [39] studies. These grading curves were also analyzed according to the empirical and
analytical packing models and then three mixtures were produced to be analyzed through mechanical tests of compressive and
indirect tensile strength. These steps are described in the flowchart depicted in Figure 2.

* Granulometric survey for CTCS
Selection of three granulometric distributions

Step I | « DER-SP, RCC (ACI), EN 14227-1 (CBGM2) )
* Analysis of granulometric limits through packing models
* Talbot and Richart (1923)

Step 2 | « Funk and Dinger (1980)

Definition of three granulometric curves matching the limits h

Determination of the virtual and real packing density through
Step 3| CPM (Larrard, 1999)

Mixture design (compaction curve)
Cement consumption definition (4% and 5%)
Mechanical tests (compressive and split tensile strengths)

Step 4

J

N

Selection of one grading curve
Specimens casting with addition of silica fume (three contents)
Step S| + Elastic modulus for the final mixture

Figure 2. Flowchart of the experimental study

2.1 Analysis of the particle size distributions

The grading curves selected for analysis (DER-SP, ACI-RCC and EN-14227-1 CBGM2) are presented in Figure 3.
Analysis on the particularities of each one and comparisons between them can be found in Cargnin et al. [15].

i x /a
00 | DER-SP i
EN 14227-1 CBGM 2 il
80 1 [ Maximum Limit EN 14227-1 CBGM2 777 //
------- RCC ACI ¢ 2
70 a

60 4
50 4
40 4
30 4

Percentage passing by mass (%)

20 4

Sieve size (mm)

Figure 3. Particle size distributions considered
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The remarkable differences among these curves depicted in Figure 3 are:

ACI particle size distribution for RCC and DER-SP fulfill the EN 14227-1 (CBGM 2) excepting the DER-SP lower
limit (coarse grading), which falls out of European standard limits. DER-SP fine grading is closer to the ACI-RCC
coarse grading curve between sieves #9.5mm and #2.4mm highlighting the coarser grading permissiveness of CTCS.

Whilst EN 14227-1 (CBGM 2) and ACI-RCC envelopes limit the maximum aggregate size in 20 mm and 19 mm,
respectively, the DER-SP specification allows a maximum diameter of 25 mm.

DER-SP specification limits the maximum percentage of fine aggregate in 45% (fraction passing through sieve
#4.8mm), whereas the European standard allows a percentage around 80% of material passing though #4.8mm.

Finally, while DER-SP tolerates 8% of filler (material passing through #0.075mm), EN 14227-1 (CBGM2) puts up
with values around 18%; on the other hand, albeit ACI-RCC completely fits the EN 14227-1 limits, it is more
restrictive regarding the filler fraction, limiting the percentage of material passing through #0.075mm in 12%, as
the Pittman & Ragan RCC limits were developed seeking to minimize the material shrinkage.

Seeking to evaluate the packing density of these envelopes, their respective modulus of distribution was determined

for the classical particle size distribution (Talbot & Richart) model and Funk & Dinger (Figures 4, 5 and 6).

90 - [ 1DER-SP

SOR— Talbot & Richart (n=0.58)

------- Talbot & Richart (n = 0.44)
Funk & Dinger (n = 0.50)

------- Funk & Dinger (n = 0.37)

Percentage passing by mass (%)
n
(=}

0 s . :
0.01 0.1 1 10 100
Sieve size (mm)

Figure 4. Distribution modulus calculated for DER-SP CTCS limits

[C1EN 14227-1 CBGM 2

1 == Max. Limit EN 14227-1 CBGM 2

Talbot & Richart (n=0.52)

- - -~ Talbot & Richart (n=0.37)

1---- Talbot & Richart (n = 0.28)

Funk & Dinger (n = 0.48)

|| e Funk & Dinger (n = 0.30)
= - = Funk & Dinger (n =0.10)

Percentage passing by mass (%)
wn
(=}

Sieve size (mm)

Figure 5. Distribution modulus calculated for EN 14227-1 CBGM2 limits
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100
00 | [C—JACIRCC

Talbot & Richart (n=0.41)
- --- Talbot & Richart (n=0.28)
Funk & Dinger (n =0.37)
- - - - Funk & Dinger (n =0.10)

80 -
70 -
60
50 -
40
30 -
20

Percentage passing by mass (%)

Sieve size (mm)

Figure 6. Distribution modulus calculated for ACI-RCC limits

From Figures 4, 5 and 6, the following comments can be inferred about the adjustment of the boundaries regarding
the modulus of distribution (%) of each curve for the Talbot & Richart and Funk and Dinger models:

* The modulus of distribution (%) for Talbot & Richart model for DER-SP boundaries is 0.58 and 0.44 for the coarse and fine
limits, respectively; for the coarse grading curve, however, the curve does not match between the fractions #25mm and
#12.5mm, as well as below #0.42mm. Regarding the Funk & Dinger model, it is observed that 7 = 0.50 almost matches the
coarse curve except between fractions #25mm and #12.5mm, whilst the fine curve is far from the recommended » = 0.37. It
is also observed that the curve tail is always zero since the model considers a minimum particle size.

* For EN 14227-1 (CBGM2) envelope, it is observed that n = 0.52 almost matches the coarse limit, excepting fractions
between #10mm and #20mm. For the fine limit, n = 0.37 adjust the curve up to #0.5mm, then it is out and n = 0.28
barely adjusts the curve for the maximum limit. The Funk & Dinger model adjusts well to the coarse curve only for
n = 0.48 exceeding the boundary below #2.0mm. The maximum limit, on the other hand, is well adjusted for n =
0.10 up to #0.5mm, then the curve exceeds the boundary.

* The ACI-RCC coarse limit is well adjusted for n = 0.41 (Talbot & Richart) until the fraction #1.18mm, then the
ACI curve becomes more restrictive; the fine boundary is well adjusted for n = 0.28 up to fraction #0.6mm. The
Funk & Dinger model, conversely, does not adjust the boundaries for both boundaries.

From these analyses, three grading curves were picked up to develop three different mixtures analyzing their
packing density by the CPM. The grading curves selected correspond to the DER-SP lower limit (fine gradation),
CBGM 2 mean curve and ACI-RCC mean curve, as presented in the Figures 7, 8 and 9. In Figure 10, the three grading
curves selected are plotted together in order to compare them.

These granulometric curves were picked up because of: (1) DER-SP fine limit is close to a mean curve for the
CBGM 2 (EN 14227-1) and is one of the most used specifications for CTCS in Brazil; (2) CBGM 2 was the
granulometric distribution selected among the several distributions from EN 14227-1 due to the requirement of a
minimum compacity of 0.80 at the maximum modified Proctor dry density, expressed as the ratio between the absolute
volume of solid and the apparent volume of the mixture; (3) the mean curve for RCC (ACI) is the target usually followed
for RCC mixture design. It is observed in Figure 10 that the RCC mean curve is finer than the DER-SP lower limit and
the CBGM 2 mean curve. Despite DER-SP and CBGM 2 curve are close, their granulometry slightly differ in the limit
of fine aggregates (#4.8 mm), with the DER-SP presenting a slightly higher percentage of fine aggregates.
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100
90
80
70
60
50
40
30
20
10

Percentage passing by mass (%)

DER-SP /
------- Studied curve !

0.01 0.1 1 10

100

Sieve size (mm)

Figure 7. Studied grading curve matching DER-SP

100

90 -
80
70 A
60
50 A
40 A
30 A
20

Percentage passing by mass (%)

[CIEN 14227-1 CBGM 2
[ Max. Limit EN 14227-1 CBGM 2

------- Studied curve

Figure 8. Studied grading curve matching CBGM 2 (EN 14227-1)

0.1 1 10
Sieve size (mm)

100

Percentage passing by mass (%)
wn
(=

[CJACI-RCC
------- Studied curve

Sieve size (mm)

Figure 9. Studied grading curve matching ACI-RCC
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100
90 4 ——Mean Curve RCC ACI

30 ——Mean Curve EN 14227-1

70 | —Fine curve DER-SP
60
50
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Figure 10. Studied grading curves together

2.1.1 Analysis of the packing density

To calculate the packing density according to the compressible packing model (CPM), the specific and unit mass
for each fraction of aggregates separated through sieving process were determined; values are presented in Tables 2
and 3, respectively.

Table 2. Aggregates specific mass

Aggregate fraction Specific mass (kg/m?)
Stone 1 2,670
Stone 0 2,790
Stone dust 2,640

Following the procedures in ABNT NBR 6458 [40] and DNER 195/97 [41]. Note: Stone 1 = maximum size of 19 mm; stone 0 = maximum size of 9.5 mm;
stone dust = maximum size of 4.8 mm.

Table 3. Unit mass for each fraction of aggregates for determination of the real density packing through CPM

Aggregate diameter (mm) Unit mass (kg/m) Packing density of the fraction
25.0 1,510 0.566
19.0 1,510 0.566
12.5 1,508 0.565
9.5 1,520 0.569
6.3 1,673 0.600
4.8 1,675 0.600
2.0 1,657 0.628
<2.0 1,720 0.652

Following the procedures in ABNT NM 45 [42]

The virtual and real packing density were calculated by the Equations 4 and 7; the last one, as discussed, is
influenced by the concrete densification process through the compaction index (K). The real packing density was then
calculated assuming K = 14, as previously addressed, and it corresponds to the lowest value found as a solution for the
equation, as presented in Figure 11.
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Figure 11. Virtual and real packing densities calculated for the selected mixtures

It is observed in Figure 11 that both the virtual and the real packing density for the EN 14227-1 mean grading curve
are greater than those calculated for the DER-SP and RCC grading curves, suggesting the mix proportioning matching
the European Standard specification could produce a mixture with a better packing and consequently improved strength.
A previous study by Cargnin et al. [15] endorsed this assumption, showing that mixtures produced following EN 14227-
1 mean grading curve presented compressive and indirect tensile strength 20% and 10%, respectively, greater than the
DER-SP and ACI-RCC grading curves. Then, the EN 14227-1 CBGM 2 mean grading curve was selected as the more
suitable granulometric distribution for the analysis of silica fume impact on the CTCS mechanical strength.

2.2 Mixture design

The mixture design was conducted seeking to determine the optimum moisture content and the maximum dry density, firstly
for the mixtures without cement. Once the compaction curve was defined, the determination of the compaction moisture followed
the recommendations issued by Balbo [7] to prepare the specimens with cement; they were compacted in the curve dry tail
(moisture 1,5% below the optimum content) seeking to favor the crystals formation. The samples were compacted following the
compaction test procedure recommended by the ABNT NBR 7182 [43]. They were prepared with two cement contents (4% and
5%) corresponding to cement consumptions nearby 95 and 120 kg/m?®, respectively, and three different percentages of silica fume
(5, 7, and 10%) added in relation of the cement mass.

The cement type used in this study corresponds to a CP III 40 sulfate resistant (SR), a blended or ternary cement
produced with ground granulated bast furnace slag which content varies from 35% to 75%, limestone filler (up to 10%),
beyond clinker and calcium sulfate, according to ABNT NBR 16697 [44]. The silica fume used is an aqueous solution
where the silica is in suspension, favoring its handling and dispersion, especially in dry mixtures. The material particle
size varies from 10 nm to 1 um and its density is about 1.38. The cement characteristics and compaction curve are
depicted in Table 4 and Figure 12, respectively.

Table 4. Cement characteristics and specifications

Characteristic CP 111 SR 40
1-day compressive strength (MPa) 6.6
3-days compressive strength (MPa) 19.6
7-days compressive strength (MPa) 32.1
28-days compressive strength (MPa) 46.7
Initial setting time (min) 200
Blaine specific surface area (cm?) 4,812
Loss of ignition 1.16%
Calcium oxide (CaO) 52.53%
Silica (Si02) 25.71%
Alumina (ALO3) 8.32%
Iron oxide (Fe203) 1.91%
Magnesium oxide (MgO) 3.41%
Potassium oxide (K20) 0.52%
Sulphate (SO3) 2.22%
Carbon dioxide (CO2) 3.18%
Insoluble residue 1.5%

Rev. IBRACON Estrut. Mater., vol. 17, no. 5, 17510, 2024 11/20



A. P. Cargnin, J. T. Balbo, and L. L. B. Bernucci

2320

CBGM 2 (EN 14227-1)

2310

2300

2290

2280

Dry density (kg/m?)
m]

2270

2260 T T T T T T
4.0% 4.5% 5.0% 5.5% 6.0% 6.5% 7.0% 7.5%
Compaction moisture content (%)

Figure 12. Compaction curves for CBGM2 (EN 14227-1) mean grading curve

2.3 CTCS Mechanical Parameters

Uniaxial compressive strength (NBR 5739 [45]) and indirect tensile strength (NBR 7222 [46]) of CTCS were
assessed for 28 days of curing. The samples were kept in a closed box with temperature and moisture controlled, around
23°C and 80%, approximately, until end of curing time. Test was performed under a speed loading of 0.3 MPa/s for
compressive strength whereas the indirect tensile strength used speed of 0.03 MPa/s, as recommended by standards.
The modulus of elasticity was evaluated during indirect tensile tests measuring the specimen strain (at horizontal
diameter) with a strain gauge as illustrated in Figure 13; the applied speed loading was 0.005 MPa/s to properly measure
strains. The modulus of elasticity was also determined under compression following the recommendations of ABNT
NBR 8522 and the ASTM C469 [47] to determine the Poisson’s ratio (Figure 13). The mixtures identification and the
tests performed are described in Table 5; all tests were performed for a number of 6 specimens per mixture.

= AUTION
I I STURS

NOT

=
.‘\._L‘ﬁ\'

Figure 13. Data acquisition during the modulus of elasticity test: (a) specimen under splitting tensile; (b) specimen after rupture;
(c) specimen under uniaxial compression

Table 5. Consumption of materials (kg/m?) for CTCS mix design projects

CTCS Mix Cement SF ‘Water Sand Gravel Tests No. of specimens

4% CPIII SR — C4 95 0 108.57 9113 1,270.5 Jeusps fe 12

4% CP III SR + 5% silica fume — C4SF5 95 4.75 106.20 911.3 1,270.5 fersp 6
4% CP III SR + 7% silica fume — C4SF7 95 6.65 105.25 911.3 1,270.5 fersp 6
4% CP III SR + 10% silica fume — C4SF10 120 9.5 103.82 911.3 1,270.5 Jeusp 6
5% CPIII SR — C5 120 0 108.57 9113 1,270.5 Jetsps fe; E modulus 18

5% CP III SR + 5% silica fume — C5SF5 120 6.0 105.57 9113 1,270.5 Jesp 6
5% CP III SR + 7% silica fume — C5SF5 120 8.4 104.37 9113 1,270.5 Jeusp 6
5% CP III SR + 10% silica fume — C5SF10 120 12.0 102.57 911.3 1,270.5 fersp; E modulus 12

Note: CXSFY, where X is 4 or 5% (cement content) and Y is 5, 7, or 10% (silica fume content). The tests were performed considering 6 specimens per
mixture per test.
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3 RESULTS AND DISCUSSION

3.1 Mechanical Strength

Figures 14 and 15 present the boxplot of data for compressive strengths of mixtures with 4% and 5% cement
contents, as well as the indirect tensile strength for mixtures with different contents of silica fume.
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Figure 14. Boxplot of uniaxial compressive strength for mixtures with 4% and 5% cement
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Figure 15. Boxplot of mixtures split tensile strength for mixtures with different contents of cement and silica fume. Note: CXSFY,
where X is 4 or 5% (cement content) and Y is 5, 7, or 10% (silica fume content)

In Figure 14 a similar trend of dispersion of the results regarding the compressive strength is observed, with an
asymmetry of the data. Regarding the split tensile strength (Figure 15), it can be noted that the dispersion of the results
for both cement consumptions are similar. with a less variability for mixtures with 4% of cement. as depicted by the
interquartile range. Additionally, there is a clear trend of symmetry in the split tensile results distribution, except for
C5 mixture (shift in the middle of the box).

Seeking to evaluate the effectiveness of cement and silica fume content variation on the strength gain, hypothesis
tests and analysis of variance (ANOVA) were performed. Firstly, a Test-F on the compressive and split tensile strengths
for reference mixtures C4 and C5 was performed to confirm if the samples presented the same variance and then a T-
student test was carried out to verify whether the average of the samples are indeed different. Both tests were conducted
for a confidence level of 99% and the test results are summarized in Table 6.
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Table 6. Hypothesis tests for mixtures with 4% and 5% of cement content

Compressive strength (f.) Split tensile strength (fc.sp)
Parameter
C4 C5 C4 (0
Mean (MPa) 14.41 17.00 1.70 2.06
Variance (MPa x MPa) 0.310 0.623 0.0146 0.0392
Standard Deviation (MPa) 0.556 0.789 0.121 0.198
Coefficient of variation 3.9% 4.6% 7.1% 9.6%
Test-F
Observations 6 6
Degree of freedom 5 5
F-value 0.497 0.372
p-value 0.230 0.151
Feritical 0.0911 0.0911
Test Result Unequal variance Unequal variance
Test-t for mean difference of two samples with unequal variance
Mean difference hypothesis 0 0
Degree of freedom 8 8
Stat-t -6.563 -3.724
p-value (two tail test) 1.04E-04 5.83E-3
teritical (two tail test) 3.250 3.355

It is observed in Table 6 the average for both compressive and split tensile strengths are considered different for a
significance level of 1%; when the cement consumption increases from 95 to 120 kg/m? the increment in the
compressive and split tensile strength corresponds to 18% and 21%, respectively.

The effect of different silica fume content in tensile strength was analyzed; firstly, through a two-way ANOVA with
replication for a confidence interval of 99% (a = 0.01). The null and alternative hypothesis assumed are described by
Equation 8 as follows (results are presented in Table 7):

Hy:m=up=p3 (8)
H.. at least one of the means is different

Table 7. ANOVA of the effect of cement and SF content on the indirect tensile strength

Source of variation F-value p-value Feritical

Cement content 100.84 1.71E-12 7.314

Silica content 12.22 8.13E-06 4312

Interactions 1.31 0.283 4312
a=0.01

From Table 7 it can be inferred that the mean of the samples with different cement and silica fume contents differ
by the F-value. However. when the interaction between the cement and silica fume content is analyzed. the ANOVA
reveals the mean can be considered equal at least once. Then. t-Student hypothesis tests for a confidence level of 99%
(a=0.01) were performed to identify the ideal silica fume content which could promote a significant improvement in
terms of strength (related to the reference mixtures C4 and C5), which results are presented in Table 8.
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Table 8. t-Student hypothesis test for the difference of mean between samples

Parameter C4 C4SFS C4SF7 C4SF10
Mean 1.70 1.75 1.86 1.93
Variance 0.0146 0.0186 0.0240 0.00973
Standard deviation (MPa) 0.121 0.136 0.155 0.184
Coefficient of variation 7.1% 7.8% 8.3% 9.2%
No. specimens 6 6 6 5°
Mean difference hypothesis - 0 0 0
Stat t - -0.634 -1.984 -3.417
p-value (two tail test) - 0.540 0.078 0.00765
teritical (tWO tail test) - 3.169 3.249 3.249
Parameter C5 C5SF5 C5SF7 C5SF10
Mean 2.06 222 248 2.59
Variance 0.0392 0.0251 0.0184 0.0173
No. specimens 6 6 6 5%
Mean difference hypothesis - 0 0 0
Stat t - -1.593 -4.381 -5.355
p-value (two tail test) - 0.142 0.0017 4.59E-4
teritical (tWO tail test) - 3.169 3.249 3.249
Parameter C4SF7 C5 CSSF7 C5SF10
Mean 1.86 2.06 2.48 2.59
Variance 0.0204 0.0392 0.0184 0.0174
No. specimens 6 6 6 5
Mean difference hypothesis 0 0
Stat t -1.885 -1.312
p-value (two tail test) 0.092 0.221
toritical (tWO tail test) 3.249 3.249

*Qutliers removed from boxplot analysis

Firstly, it is observed in Tables 6 and 8 the coefficient of variation is below 10% for all cases, endorsing the low
dispersion of the results around the average and the data set homogeneity. Despite there is a trend of increasing the
CTCS split tensile strength as the silica fume content increases (Figure 15), it should be noted in Table 8 that for cement
content of 4% (95 kg/m?), the silica fume percentage that significantly impacts the mechanical strength compared to
reference C4 is 10%; for mixtures C4SF5 and C4SF7, the hypothesis tests indicated the mean split tensile strength are
considered equal. However, when the cement content increases to 5% (120 kg/m?), the content of silica that affects the
tensile strength in a significant way is 7%, also compared to the reference mixture CS5. In this case, the hypothesis test
between the C5SF7 and C5SF10 mixtures reveals the means are considered equal.

Additionally, it is worth to highlight that in terms of mechanical strength, the increase of cement consumption from
4% to 5% could be compensated when 7% of silica fume is added to the mixture C4; the hypothesis test comparing the
means of C4SF7 and C5 mixtures confirms they are equal for a confidence level of 99%.

The increment of mechanical strength of mixtures with silica addition is explained by the physical and chemical
effect of the silica fume nanoparticles in the ITZ between the aggregate and the points where the cement paste promotes
the bonding between the particles. The first one occurs due to the filler effect and paste densification, as silica fume
particles act as nucleation points, contributing to formation of additional C-S-H. The chemical effect, on the other hand,
is responsible for the C-S-H formation due to the reaction of silicon dioxide with the portlandite available in the porous
solution from the silicate hydration.

3.2 Modulus of elasticity

Elasticity moduli were tested at 28 and 91 days for two mixtures (C5 and C5SF10); at 28 days the tests were
conducted under unconfined compressive arrangement (also measuring the Poisson’s ratio) and diametral compression
(C5 and C5SF10), whereas at 91 days the tests were performed just under diametral compression (C5SF10). Table 9
presents the results and in Figures 16 and 17 are presented, the test results boxplot and the stress versus strain curves
under diametral compression, respectively.
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Table 9. Modulus of elasticity and Poisson’s ratio results

Compressive test

Mixture Age (days) # specimens E (MPa) sd (MPa) cv i sd cv
C5SF10 28 6 19,285 966 5% 0.203 0.034 17%
Split Test
Mixture Age (days) # specimens Es  (MPa)  sd (MPa) cv E” (MPa) sd (MPa) cv
C5SF10 28 3 23,092 1,610 7% 18,508 1,720 9.3%
C5SF10 91 6 24,677 2,715 11% 17,276 1,862 11%
C5 28 6 24,715 3,002 12.1% 17,617 1,189 7%

*Secant elastic modulus at 0%-30% of /., ; **Secant elastic modulus at 30%-100% of f.;,.
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Figure 16. Modulus of elasticity boxplot
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Figure 17. Stress versus strain curves: (a) C5 (5% of cement without silica fume) at 28 days; (b) C5SF10 (5% of cement and 10%
of silica fume) at 28 and 91 days.
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It is observed from Figure 16 that although there is some asymmetry in the boxes, the mean values are close to the
median; t-Student hypothesis tests for mean difference at a confidence level of 99% confirmed equality of modulus of
elasticity for both mixtures as depicted in Table 10. In Figure 17, it is verified that the shape of the stress-strain (c-€)
curve under diametral compression has a linear trend pointing to the elastic-linear behavior of the material in tensile as
stated by Balbo and Badawy [48]. However, when the stress level is close to the ultimate stress. the rupture is abrupt,
revealing the extremely brittle nature of CTCS. Nevertheless, the ultimate stress and strain for mixtures with 10% of
silica fume at 91 days are greater than those values obtained for the reference mixture (C5).

Table 10. t-Student hypothesis test for modulus of elasticity of CTCS

Parameter C5 C5SF10 28d* C5SF10 91d* CSSF10 91d**
Mean 24.715 23.091 24.677 24.677
Variance 9,009,856 2,592,129 7,372,810 7,372,810
# specimens 6 3 6 6
Mean difference hypothesis - 0 0 0
Stat t - -1.056 -0.023 -1.096
p-value (two tail test) - 0.326 0.982 0.315
teritical (tWO tail test) - 3.499 3.169 3.707

*Comparison with the reference C5; **Comparison with C5SF10 at 28 days.

Balbo [7] addressed that, under uniaxial compression, the CTCS is strongly dependent on the aggregate distribution
in the mixture. To understand this statement, it should be noted that cementitious materials are a composite which
mechanical response, especially the modulus of elasticity, is in the halfway between the aggregate (about 60 GPa) and
the cement paste (around 15 to 20 GPa, depending on the water-cement ratio, hydration degree, air content, etc.). Under
compression, the stress-strain curve is characterized by an elastic-linear trend up to 30% of the load breaking; between
30% and 50%, the internal microcracks in the ITZ, which are still stable, grow up causing a deviation in the o-¢ diagram.
Above this level, the internal cracks raise until they become unstable and then the rupture occurs quickly.

Under tensile, on the other hand, although the grains distribution is relevant to the mixture split tensile strength (f.., is greater
for mixtures with greater aggregate packing as demonstrated by Cargnin et al. [15]), the modulus of elasticity does not seem to
be significantly influenced by the granulometric distribution, since under this arrangement the cement paste, responsible for the
aggregate punctual bonding, is the main portion that rules the modulus of elasticity, as depicted in Figure 18.

(b)

Figure 18. Illustration of modulus of elasticity measurement: (a) in compression; (b) in indirect tensile.
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Additionally, Balbo (1993) obtained modulus of elasticity values under split tensile around 22,007 MPa (CV = 6.3%)
and fet,sp of 2.33 MPa (CV = 15%) for conventional standard CTCS with 4% of CP II-E 32 at 56 days and particle size
distributions falling in the boundaries specified in the ABNT NBR 11803 range B, resulting in a E,,/f..,, relationship
around 9,445. 1t is worth to comment that CP II-E is a cement with ground-granulated blast furnace slag as supplementary
cementitious material replacing the clinker, like CP III, but the percentage of slag in the first is lower than the last. While
CP II-E may contain a slag percentage between 6 and 34%, CP III may contain from 35% up to 75% of slag. It reflects
some difference of strength in the first days of cure. However, after 28 days, the strengths are similar.

In this study, conversely, the CTCS using the CBGM2 EN 14227-1 limits (which leads to a better aggregate packing)
with cement content of 5% (CP III SR 40) and addition of 10% of silica fume, lead to E?, and f..,, values, at 91 days,
024,677 (CV = 11%) and 3.0 MPa (CV = 8%), respectively, reaching modular relationship of 8,200, approximately.
Comparing current results, £, q,/fe;sp Obtained for the reference mixture (C5) was about 12,000. From the point of view
of structural response. a reduced modular relationship is a huge positive outcome, as it can improve the fatigue behavior
of the material which is ruled by the stress-strength ratio (SSR = 6/ fe¢.sp)-

Average compressive modulus of elasticity was similar to values suggested by Balbo (1993) for CTCS with 4% of
cement content — 20,134 MPa with cv = 12.6%. Comparing the values obtained in compression and indirect tensile,
hypothesis test for mean difference for a confidence level of 99% confirmed the average are considered equal at 28
days, with Stat t = 3.690 and . isicar = 5.841 (p-value = 0.032).

Regarding the Poisson’s ratio, the values obtained were closest to the values typically obtained for conventional dry
concretes (close to 0.20). However, it was observed an important variability of the results (CV = 17%), despite the low
variability obtained in the modulus tests, as both parameters are measured simultaneously.

4 CONCLUSIONS

This study sought to contribute to the formulation of an innovative high-performance cement-treated crushed stone
(HP-CTCS) based on improvements of the particle size distribution and addition of a supplementary cementitious
material capable of modifying the interfacial transition zone (ITZ) in the cement paste punctual bonding. Then, an
extensive experimental schedule was settled embracing the analysis and selection of a suitable grading curve, as well
as the preparation of samples with two cement contents (4% and 5%) and different percentages of silica fume (5, 7 and
10% of the cement mass) to investigate their mechanical properties. The analysis of test results allows to summarize
the main findings as follows:

» The analysis of the selected grading curves according to the Talbot & Richart classical particle size distribution, as
well as the compressible packing model indicated the mean grading curve for the EN 14227-1 (CBGM 2) is better
packed than the DER-SP fine gradation and the mean curve for ACI-RCC, resulting in a mixture with compressive
and split tensile strengths higher (20% and 10% respectively) than the other two curves.

* The optimum content of emulsified silica fume for mixtures with 4% and 5% cement content is 10% (by cement
mass). Moreover, the increase in the split tensile strength obtained by increasing the cement content from 4% to 5%
(mixtures without SF) can be compensated in mixture C4 by adding 7% of silica fume (by cement mass).

» The impact of producing HP-CTCS with 5% cement content and 10% silica fume increased the split tensile strength
in approximately 30%, compared to conventional CTCS, whilst the impact on the elastic modulus was only 12%,
leading to a reduction of 35% in the modular relationship. This is a positive outcome regarding the material fatigue
performance, since fatigue life is ruled by the stress-strength relationship (SSR = 6/f.s»), making the HP-CTCS a
material potentially more durable than the conventional CTCS. The Poisson’s ratio for CTCS was similar to the
values obtained for dry and plastic concretes (0.20). However, the high variability (17%) of tests reveals the
complexity of repeatability of the test.

Future analyzes (currently in course) on the fatigue and fracture behavior of HP-CTCS studied may allow advancing
even more on the microstructural behavior of these materials, as well as setting fatigue models for them. The results
obtained with minimum costs impacts for actual construction sites disclosed the perspectives on the use of high-
performance CTCS, comparable to RCC, in order to improve field durability for road and airport semi-rigid pavements.
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