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Abstract

Among cement-based composites, mate-
rials that show a growing interest are the
High Performance Concrete (HPC) and Ul-
tra-high Performance Concrete (UHPC),
which are categorized by an effective scree-
ning of granular elements, and an elevated
quantity of fiber reinforcement [1]. HPC
is produced through the particle packing
methodology to enhance its matrix densi-
ty and reduce its porosity [2]. Because of
this producing method, this material has
a lower water content than conventional
concrete, and better mechanical perfor-
mance and durability [3]-[5]. It is thus sui-
table to build several structural elements
[6], [7] thanks to its enhanced properties.
On the other hand, the manufacture of HPC
is not straightforward: expensive raw ma-
terials, impact on the environment, labo-
rious fabrication and curing tasks [8], [9]
are among the most important obstacles to
its large-scale use. It is therefore relevant
and recommended to simplify its produc-
tion process. This work present new HPC
mixtures that are produced in a straight-
forward manner, without requiring eleva-
ted temperature curing conditions, mixers
with high power or temperature controlled
chambers, as commonly used for current
HPC sold in the market. The mixtures des-
cribed here showed a split tensile strength
of 5 MPa, a compressive strength of over 70
MPa, and a virtual packing density of 0.86.

Keywords: general purpose Portland
cement, high strength, mixing procedu-
re, spherical particles of steel, ultrafine,
virtual packing density.

Resumen

El hormigén de alto desempenio (HPC) y de
ultra alto desempenio (UHPC) son compues-
tos a base de cemento con una gradacién
optimizada de componentes y un alto por-
centaje de refuerzo interno discontinuo de
fibras [1]. La mezcla de HPC se formula uti-
lizando un modelo de empaquetamiento de
particulas para optimizar la densidad de la
matriz y minimizar los vacios [2]. Gracias a
su bajo contenido de agua en comparacién
con el hormigdn convencional, el HPC pre-
senta un mejor rendimiento mecéanico y
mayor durabilidad [3]-[5]. Por lo tanto, hay
mas flexibilidad para utilizar el HPC en una
gama mas amplia de elementos estructu-
rales [6], [7]. A pesar del alto rendimiento
mecanico de este tipo de hormigén, exis-
ten algunas barreras para la fabricacion del
HPC: alto costo de los materiales, impacto
ambiental, procesos complejos de fabrica-
cién y curado [8], [9]. Es entonces impor-
tante simplificar su proceso de produc-
cién. Entre las diferentes mezclas de HPC
propuestas en esta investigacion, se estimé
una resistencia a la traccién de 5 MPa, una
resistencia a la compresién superior a 70
MPa y una densidad virtual de empaqueta-
miento de 0.86. A diferencia de los HPC ac-
tualmente comercializados, el HPC estudia-
do aqui no requiere regimenes especiales
de curado a alta temperatura, mezcladoras
de alta intensidad o cAmaras con tempera-
tura controlada.

Palabras clave: alta resistencia, ce-
mento Portland de uso general, densidad
virtual de empaquetamiento, particulas
esféricas de acero, proceso de mezclado,
ultrafino.
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INTRODUCTION

Ultra-high Performance Concrete (UHPC) is a composite material constituted by an
improved gradation of components, a proportion between water and cementitious
materials lower than 0.25, and a relevant quantity of reinforcement. Among its me-
chanical properties, it is worth highlighting a compressive strength greater than 150
MPa, as well as a tensile strength greater than 5 MPa [1].

In the tensile behavior of UHPC, the strength provided by the fiber reinforcement is
greater than the cementitious matrix cracking strength [10]. There is however a huge
disparity between compressive and tensile UHPC’s strengths. In particular, High per-
formance concrete (HPC) has interested engineers during last decades due to its uni-
que properties allowing high durability and high tensile and compressive strengths
[11], [12]. The compressive and tensile strengths of HPC are less unbalanced. Early
versions of HPC, whose compressive strength exceeds 50 MPa [1], were based on the
concept of homogeneity of the concrete matrix taken from Densified Small Particles
Concrete (DSP) and Reactive Powder Concrete (RPC) studies [9]. The use of ultrafine
aggregates (e.g. silica fume, fly ash, etc.) to optimize the packing density [11], [13],
[14] or the use of coarse aggregates to decrease manufacturing costs is usual [15].
In fact, high compressive strength and low porosity of the concrete are the result
of two main principles: packing optimization of the material particles [16]-[18], and
low water to binder ratios (w/b) [2], [11]. Otherwise, specialized manufacturing and
curing methods to produce HPC are frequently required [11], [15]. HPC is a concrete
suitable for highway infrastructure repair and replacement [10], the fabrication of
precast and prestressed elements for bridges [1], [3] and urban furniture [19], [20].
In the future, HPC precast elements will play an important role in the field of civil
engineering [21], [22]. Although it is a material with high performance, its manufac-
turing is not straightforward because of its high cost, as well as the complexity of the
production method and curing. HPC mixing will require equipment that provides
more energy than for conventional concrete because the particles in HPC mixes are
smaller and the water to cement ratios are low [23]. Insufficient mixing energy can
result in inappropriate distribution throughout the mix when ultrafine particles are
used, which is detrimental to the HPC performance. It is important to clarify that a
particle is defined as fine if its diameter is shorter than 125 um, while it is ultrafine if
itisless than 5 um. Ultrafine particles (metakaolin, rice husk ash, copper slag, colloi-
dal nano-silica, pulverized fly ash, eggshell powder, tire rubber powder, pulverized
granulated blast furnace slag, silica fume, etc.) are normally used in HPC to increase
mechanical properties. Among the materials employed to produce HPC, silica fume
is the frequently used. However, it is characterized by high surface, like other ultra-
fine materials, and absorb more water, leading to a decrease the workability of HPC
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[24]. The latter also increases HPC manufacturing costs, as higher mixing speeds and
longer mixing times would be required. In effect, manufacturing HPC may require
special mixing techniques and the application of heat, steam, or pressure treatment
before and during setting [12], [15], [23], [25]. In addition, these methods require ex-
pensive facilities and is sometimes difficult to apply to full size elements like beams
or slabs [16], [19]. Therefore, large-scale HPC production is not attractive to industry,
limiting its use [26], [27]. The production method is a crucial step in the preparation
of any type of concrete, but it is still more relevant when the mechanical proper-
ties must be enhanced, such as in HPC. It is worth mentioning here that sometimes
when producing and analyzing small quantities of HPC in the laboratory for research
purposes, equipment with high speed and long mixing time is used. These condi-
tions clearly differ from the production of an industrial concrete. The objective of
the manufacturing method should be thus twofold: ensuring high quality standards
and employing simple fabrication steps, without the requirement of specialized and
costly materials and curing regimes [23], [28]. Several authors, such as Mohd Zahid
et al. [15], [25], Shi et al. [26] and Sobuz et al. [23], indicated that the economic analy-
sis of fabrication of HPC has been little studied so far, highlighting the importance
of the study presented here.

For these reasons, it is desirable to consider a simple production method of HPC.
Therefore, this work focuses on the manufacture of HPC with techniques and tools
commonly applied to standard concrete. Here, 3 HPC mix designs were analyzed, and
23 cylindric concrete samples (100 mm x 200 mm) were tested for each of them to
study the correlation between the main parameters of interest (strengths, water to
binder proportion, and matrix packing density).

MATERIALS AND METHODS

Three mix designs of HPC were considered and at least 23 cylindrical concrete spe-
cimens (100 mm x 200 mm) were manufactured for each mix (see Table 1). Most
researchers suggest using a specialized Type II/III cementitious material [15], [29],
[30]. In contrast, to fabricate HPC mixes in this research, a standardized general pur-
pose cement or Type I with a density of 3150 kgf/m3 (ASTM C1157 [4]) was used. At
present, cement Type I could cost 25 percent less than cement Type III. To produce
the HPC mixes, fine aggregate was also used, standardized under ASTM C136 [5], with
a maximum particle size of 1.18 mm, a fineness modulus of 1.9 and a density of 2600
kgf/m3 (see Figure 1); a micro silica powder with a density of 2300 kgf/m3 was also
used (see Figure 2); a High Range Powder Water Reducer (HRWR) was included (0.3
% by weight of the cement) and spherical particles of steel with a diameter smaller
than 2.36 mm with a density of 7000 kgf/m3 were used (see Figure 3). For comparison
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purposes, polypropylene microfibres with a length of 19 mm, a density of 910 kgf/m?3
and a tensile strength of 300 MPa were used (see Figure 4). The target slump of HPC
mixtures is 100 mm. No coarse aggregates were used in any mix.

The conventional economic production process used in this research and summari-
zed below is to ensure fluidisation of dry constituents with a mixture of water and
HRWR to prepare HPC with better mechanical behavior. First, 50 % of all dry ma-
terials, fine aggregate, micro silica powder and cement, are placed in a low speed
mixer (drum or planetary mixer) for about two minutes. Then, the water and HRWR
are blended, gradually adding the 50 % of it to the dry constituents and stirring at
once for about four minutes. Premixing the water and HRWR aids in more uniformly
distributing the HRWR. Next, the other 50 % of all dry materials are gradually added
and mixed for about four minutes. Finally, the remaining water HRWR mixture and
eventually the spherical particles of steel and polypropylene microfibres are combi-
ned for about two minutes until the constituents are thoroughly merged and wetted.

Cylindrical specimens were mould for each mix. For each mix design, compressive
strength, tensile strength, permeability, and density were determined.

Source: The Authors.

FIGURE 1. FINE AGGREGATE
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Source:The thors.

FIGURE 2. MICRO SILICA

Source: The Authors.

FIGURE 3. SPHERICAL PARTICLES OF STEEL

Sorcéﬁ The Authors.

FIGURE 4. POLYPROPYLENE MICROFIBRES
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TABLE 1. HPC MIXTURES

) Quartz sand Water to §pher1cal par- | o ent Micro silica Po!ypropylene Mixing
Mixture | tocement . . | ticles of steel to tocement | microfibreto .
. binder ratio . (kgf/m3) . . Technique
ratio cement ratio ratio cement ratio
low-mix energy,
HPC1 0.72 03 0 1079 o} o} non-tilting
drum mixer
low-mix energy,
HPC2 1.35 0.25 0.23 775 0.23 ) plane’tary mixer
low-mix energy,
HPC3 1.35 0.25 0.23 775 0.23 0.0013 P[anetary mixer

Source: The Authors.

Mixture HPC1, with just cement and fine aggregate (quartz sand), was intended to
attain a compressive strength greater than 50 MPa. Evidently, the amount of cement
used in this sample is considerable. In HPC2 and HPC3, the cement and water are redu-
ced, and the quantity of fine aggregate is optimized to reach a compressive strength
greater than 70 MPa. Steel particles were added to increase the compressive strength
while leaving constant the amount of cement. For comparative purposes, polypro-
pylene microfibres were added in HPC3 mixture. The specimens were removed from
curing tank, dried, and tested. Permeability tests were performed evaluating the end
faces of the concrete specimens, according to SIA 262/1 [31] (see Figure 5).

Source: The Authors.

FIGURE 5. PERMEABILITY TEST
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Thirty cylindrical concrete specimens of each mixture were analyzed and tested af-
ter 28 days of curing to estimate their compressive strength (see Figure 6), and the
ASTM C39 [6] Standard was fulfilled.

Soce: Th Authors.
FIGURE 6. COMPRESSION TEST

Ten cylindrical concrete specimens of each mixture were tested according to ASTM
C496 [7] (see Figure 7).

Source: Tfle Authors.

FIGURE 7. SPLITTING TENSILE TEST
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The density of hardened concrete according to ASTM C642 [8] was determined for all
cylindrical concrete specimens.

RESULTS AND DISCUSSION

The average permeability coefficient (kT) of the samples was estimated (see Table 2).
This coefficient allows measuring the ease with which small particles (e.g. chloride
ions) can penetrate the matrix of the HPC. All tested HPC specimens have low per-
meability compared to conventional concretes whose permeability coefficients ran-
ging from 0.70 to 3 [32]. This is due to the low water to cement ratio and optimized
packing system of the specimens manufactured in this research.

The 28-day average compressive strength of the cylindrical HPC specimens was de-
termined (see Table 2). The different HPC mixtures developed in this investigation
obtained strengths above 50 MPa. These values are comparable with those obtai-
ned in other high performance concretes containing ultrafine particles [11], [13], [14]
or whose aggregates were partially substituted by other types of materials [33], [34]
(see Table 3). For all different mixes in this investigation, substantial improvements
in compressive strength were obtained, since the packing system was optimized by
using only fine aggregates of small grain size. The virtual packing density (VPD) re-
presents the maximum potential packing density of a mixture (De Larrard [16]). This
model predicts the properties of a mixture using the size distribution and packing
density of each monogranular constituent in the concrete mix. The equation descri-
bing the VPD of a granular mix containing n particles classes is presented by Eq. (1)
(De Larrard [16]):

B; .
VPD = Min i=1,..,n (1)
.- 1 n i
1-x7f [1 = B + ;81 _E)} Vi~ Iz {1 - aéf }}’j
B8i : Residual packing density
di : Diameter of ith dominant class
aij, by : Factors representing the loosening and wall effect exerted by class j
Vi : Volume fraction of the ith class
d.
S @)
N L
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Mixture (105;1‘ m?) Permeability (I\ESa) (I\S/[’II‘:) (]);rfl/srl;g') VPD
HPC: 0.09 Low 50 5.6 2183 0.70
HPC: 0.05 Low 70.9 4.4 2335 0.86
HPC: 0.08 Low 70.4 4.9 2345 0.86

CS Compressive strength, STS Split tensile strength.

Source: The Authors.

The 28-day average split tensile strength of cylindrical HPC specimens was determi-
ned (see Table 2). The specimens developed in this research have performed identi-
cal to high performance concretes found in the literature (see Table 3).

TABLE 3. HPC CHARACTERISTICS

Aggregates and CS STS Cement Mixing Reference
ultrafine particles (MPa) (MPa) (kgf/m3) technique
HPC with crushed stone coarse
aggredate, river sand, coarse, and B B - Vinay Kumar
fine recycled concrete aggregate, 71-855 56-46 500 High-mix energy etal. [34]
silica fume
HPC with coarse aggregate, 523 _ 714 4363 420-560 Low-mix energy, Swaminathen
metakaolin, rice husk ash drum mixer et al. [33]
HPC with crushed granite coarse High-mix Chitha
aggredate, copper slag, colloidal 64 -70 4-5 500 _
h . energy, pah mixer etal. [13]
nano-silica solution
HPC with crushed stone Low-mix Oth
coarse aggregate, eggshell powder, 31.6 - 64.1 - 510-600 energy, drum man
; _ etal. [35]
tire rubber powder mixer

CS Compressive strength, STS Split tensile strength.
Source: The Authors.

By using fine aggregates with smaller sizes than usual, the packing system was op-
timized (see Figure 8 and Figure 9), demonstrated by the fact that adequate VPD as-
sociated with high compressive strengths and low permeability coefficients were
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achieved (see Table 2). While it is true that smaller particles increase the fluidity of
the mixes, they do not necessarily reduce the final strength of the concrete. The op-
timum mixture is HPC2 because it has a high compressive strength and an adequate
density. HPC1 shows the highest tensile strength, although it has a very high amount
of cement, which makes the concrete element expensive.

Source: The Authors.

FIGURE 8. HPC HOMOGENEITY

Source: The Authors.

FIGURE 9. SPHERICAL PARTICLES OF STEEL IN HPC2
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CONCLUSIONS

This research studies the fabrication of HPC, without coarse aggregate, with easily
available resources, with simple fabrication and curing procedures, achieving indi-
rect tensile and compressive strengths similar to the HPC produced at present time.

HPC mixes are fabricated using a particle packing design approach to improve the
matrix density and reduce the porosity.

It would be believed that the durability of the HPC manufactured in this research
is superior to that of conventional concrete, since the permeability coefficients are
considerably lower. At the same time, it should increase its lifespan and reduce
maintenance costs.

The use of a general purpose or Type I cement and a very small amount of HRWR,
which improves the workability of the mix, reduces the production costs of this HPC.
This is a significant result since the cementitious materials and superplasticizers
used in currently commercialized high-performance concretes are high-priced.

The manufacturing techniques and instruments used here are the same as those
used in the fabrication of conventional concretes. A common low speed mixer was
used. According to the experience gained in this work, it is possible to state that the
production of HP mix can be scaled up and applied in the construction industry; it
does not require special curing regimes at high temperatures, nor high speed con-
crete mixing machines, nor wet chambers, as is required for currently commerciali-
zed high performance concretes.

In future research, we will try to increase the tensile strength of HPC to have a mate-
rial with much more balanced mechanical properties. The long-term performance
of this HPC will be investigated in a future study too.
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