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Abstract -- Reactive Powder Concrete is a type of ultra-high-performance concrete. Improvement of microstructure, elimination of coarse
aggregate, particle packing, and toughness enhancement are the main principles of RPC development. To achieve these principles, RPC
is characterized by the inclusion of high cement content and pozzolanic materials that make in the other hand its production highly cost
and non-environmentally friendly. In this study, the impact of using different percentages of the constituent materials of RPC and their
available alternatives on compressive strength under different curing regimes are presented. Verifications are required to clarify mixing
different quartz powder to quartz sand and its impact on RPC compressive strength by studying its microstructure. It was showed that
curing of RPC considered to be very important aspect in its development as it significantly affects the reactivity of its constituent.
Volumetric changes are considered the main problematic properties that prevent the wide use of RPC.

Index Terms: Ultrahigh-performance concrete; Reactive powder concrete; Quartz powder; Quartz sand

1.Introduction

Reactive powder concrete (RPC) belongs to the
family of ultra-highperformanceConcrete. The term
‘reactive powder’ reflects the meaning that all the
powder components in RPC are chemically reactive.
Some researchers have confirmed that UHPC is not
a concrete, due to the absence of coarse aggregate
[1]. However, the term ‘concrete’ is selected rather
than ‘mortar” to describe UHPC due to the inclusion
of fine steel fibers to enhance the ductility[2].
Microstructural improvement methods have been
used to develop RPC by modifying its characteristics
such as high durability, high compressive strength
and superb toughness. Such criteria has been
achieved through the following principles[3]-[5]:
-Improvement of microstructure and the elimination
of coarse aggregate,

- The highest particle packing,

- Enhancement of toughness.

The excellent performance of RPC is attributed to
the utilization of the admixtures,

superplasticizer, very fine graded quartz sand,
small-sized steel fibers and low water/binder ratio
in addition to the exclusion of the coarse aggregates.
So, principles to produce Reactive Powder Concrete
are as follows:

1.1 Improvement of microstructure and
Elimination of coarse aggregate

The mechanical and the durability properties of
concrete are influenced by the bond between the

aggregate and the cement matrix and hence are
affected by the microstructure of the ITZat which
microcracks may initiate and then propagate to the
cement paste [6]-[15]. The critical role of ITZ is clear
when comparing stress-strain curves graphically for
cement paste, aggregate and concrete under
compression loading as shown in figure 1[11].

Fig.l. Comparative stress-strain curves for
aggregate, paste and concrete, [11].

The cement paste and the aggregate show an
obvious elastic and brittle behavior. On contrary, the
concrete have a ductile behavior. This may be due to
the development of multiple tiny cracks
predominantly in the interfacial zone. RPC is
designed by the microstructural improvement
techniques, which can be carried out by close
packing density through using of pozzolanic
mineral admixtures that contribute also in
increasing its homogeneity[16]. The addition of
more fine particles as quartz powder can pack near
to the aggregate surface and help in giving a very
compact ITZ without obvious pores as shown in
figure 2 [11], [17]. The low water /cement ratio in
RPC participates greatly in decreasing its
porosity[16].
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Ettringiteis formed between the incompletely
hydrated materials and C-S-H gel[5].The main
hydration products(C-S-H gel) were homogenous,
Ca(OH)2crystals are not found and ettringite is
formed|[17].

Fig.2. Microstructure of RPC showing compact
ofITZ

RPC microstructure greatly depends on the
condition of curing as the heat treatment and the
applied pressure before and during setting. This is
because the increase in the temperature leads to
changes in the microstructure of ITZ and the
pozzolanic activity[8]. This can be clear in the
formation of crystal hydrates and xonotlite at a
temperature (200-2500C)[8].

Increasingly, one of the most significant feature that
enhances the microstructure of RPC and
distinguishes RPC from any other classic high
performance concrete HPC is the elimination of
coarse aggregate and replacing it by quartz sand so
as to increase the strength bond inside the matrix, to
enhance homogeneity[3], [18], increase packing
efficiency of particles and to decrease the mechanical
effects of microstructure heterogeneity which
minimize the material’s internal defect like pore
space and microcracks[8], [19]-[22]. Also, the
elimination of coarse aggregate in RPC results in
variation in some properties like the autogenous
shrinkage, in which the shrinkage value of UHPC
containing coarse aggregates is about 60% of RPC
experimented[23].

1.2 Particle Packing

The main aim of applying particle packing models
are obtaining both high mechanical strength and
superior durability, in which this can be achieved by
incorporating both the suitable sizes and
proportions of small particles to pack the larger
voids. Hence, the performance of RPC is obviously
influenced by the size and the percentages of the
pores which in turn affect both the type and degree
of packing of its constituents[24].The small voids
found in between cement and aggregate particles are
filled by the more powdered particles.This in turn
causes an efficient packing to the voids between
cement grains so that the overall performance of the
concrete mix is enhanced to a great extent[24], [25].
These can be defined through the two major analysis
for particles behavior named "loosening effect" and
"wall effect".
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The optimum grain size distribution curve can
satisfy the following curve in order to obtain the
most favorable packing as shown in figure 3:

Silica
fume

Passing [Y%]

1000

Particle diameter {pm]

Fig.3. Grain-size distribution =~ for =~ RPC
components[26]

So, RPC performance is enhanced by the inclusion of
fine powders to the mix which is a reversal to the
ordinary concrete that may be badly affected by
these fine materials. These fine materials create a
free large surface area that needs a high amount of
C-S-H gel. The high cement dosage in RPC
anticipates in forming a lot of C-S-H gel between the
increased powders surface area and hence increase
the packing of its particles.

Ideal gradation curve and filling properties of
powdered constituents (such as cement, fly ash,
silica fume, and both quartz sand and powder)are
the main concepts of particle packing approach[27].
Some cement grains remain un-hydrated in RPC mix
due to the low water content. These cement grains
participate greatly in the granular packing of RPC’s
particles as their size lay between the size of the
silica fume and the quartz powder, so they help in
filling the gap between the other particles to be well
packed as shown in figure 3. By applying the
granular packing of cementitious materials in
preparing RPC at W/C of about 0.20, the
discontinuous capillary porosity can be achieved
when only 26% of cement has been hydrated,
instead of 54% for high performance concrete
(W/C=0.33)[25]. The nature of the particle packing
can be considered by using the following three
methods: [28]-[30]: (a) Optimization particle packing
curves[31]-[34],(b) Particle packing analytical
models[27], [34]-[38], (c) Numerical simulations[39].

1.3 Enhancement of toughness

The absence of coarse aggregates would
significantly increase drying shrinkage in RPC that
may be redeemed by the addition of steel fibers
[40].The inclusion of steel fibers to RPC would also
enhance the cracking resistance greatly[41]. This is
due to the role of fibers that control the different
cracks widths by blocking the continuous
developing in the diagonal cracks .
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Fracture toughness properties of concrete
considered to be the most important factors for the
safety and durability of concrete constructions. As
concrete homogeneously increases an effective
fracture toughness is obtained. The fracture energy
of RPC incorporating steel fiber reaches four times
higher than that of non-fibrous concrete. The
modified toughness index (MTI) is known as the
ratio of the area of stress-strain curve to the pre-peak
area of the curve and in RPC, it ranges from 2.64 to
4.65[42]. While the toughness index ranging from
0.48 for plain concrete to 0.76 for fiber concrete due
to crack bridging action. The main drawback of high
strength concrete is that toughness records low
values and hence the inclusion of steel fibers will
enhance toughness [43], [44].

To decrease the crack width and prevent its
propagation, steel fibers by around 3% can be
successfully used and hence significantly improve
the toughness of RPC by more than 80%[42], [45],
[46].

Curing of RPC has a great impact on value of
toughness. This may be due to increasing the curing
temperature decrease the pores ratio and hence
enhance the granular packing of the concrete[47].
Also pozzolanic materials increase the concrete
toughness in spite of the curing conditiondue to the
increase in bond strength between cement matrix
and steel fibers[48].In addition to the Nano particles

that will also improve fracture toughness[49].

2. Materials of RPC

RPC contains cement, pozzolanic materials, quartz
sand, quartz powder, steel fibers, water, and
superplasticizers.

2.1 Cementitious Constituents

Cementitious constituents in RPC are divided into
cement and pozzolanic materials. The pozzolanic
materials used can be silica fume, fly ash,
metakaolin, or ground granulated blast furnace slag.
RPC can be prepared by any type of cement as it is
observed that there is no special requirement for the
cement type (CEM 1, CEM II, sulfate resistance
cement, etc.).However, the most preferable cement is
the high silica cement which can takes part in
enhancing the mechanical properties of the
concrete[3]. As for the particle size, cement fineness
only may affect the choice of cement in RPC. Using
higher fineness cement leads the mix to consume
large amount of water[50]. The low water to cement
ratio in RPC makes it necessary not to use very fine
cement because it may increase the water demand to
a great extent, and it could be a critical factor in RPC
performance. Cement dosage in RPC ranges about
700-1000 kg/m3 to achieve ultra-high strength
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under very low water content. This high dosage is
important to increase the hydration process forming
a lot of C-S-H gel between the increased powders
surface area causing the packing of its particles.
However, cement hydration is incomplete in RPC,
causing a lot of free cement grains. These grains play
a vital role in granular packing in RPC.

Adding cement to concrete mix by large percentages
has many drawbacks on both the environment and
the behavior of the hardened concrete due to the
high cost and increased heat of hydration that
causes shrinkage problems and lower dimensional
stability in long term ages. Mineral admixtures such
as fly ash, blast furnace slag, and silica fume can be a
feasible alternative to replace cement in RPC to
overcome these problems in RPC[48], [51]-[53].

They improve the performance of concrete through
the packing filling effect, activating pozzolanic
reactions and accelerating the process of cement
hydration which in turn allow the formation of
calcium silicate hydrate (C-S-H)[20], [52], [54]-[60].
For mechanical and durability aspects, the benefits
gained from incorporating pozzolanic materials in
RPC are high tensile strength, high flexural strength,
early compressive strength, low permeability, high
resistance to chemical attack against (acids, nitrates,
chlorides and| sulphates), high abrasion resistance,
toughness, excellent durability, high modulus of
elasticity, high bond strength, enhanced pore
structure and improved steel fiber bonding
characteristics[20], [52], [54]-[61]. For particle
packing aspects, the size of cement grains lay
between both pozzolanic material particles and
quartz sand particles which result in good particle
filling effect and significantly minimize voids ratio.
One of the most powerful pozzolanic materials that
are used in RPC is silica fume because it's a based
silica material[20], [52], [55]-[61]. Increasing SF
beyond 25%does not significantly changes the
compressive strength of RPC[20], [45], [57].

The utilization of Blast furnace slag (GGBFS) in RPC
production is very effective where GGBFS can be
used in RPC as an alternative silica source[52], [62]-
[78].Adding 20%fly ash as partial replacement of
cement to concrete modifies the microstructure of
the ITZ and improves mechanical properties to a
certain extent[52], [79]-[84] specially after exposure
to elevated temperatures and autoclave pressure[83],
[84].

Fly ash needs less water for reaction when
comparing with silica fume[48], [52], [85], [86].

High reactive MK also shows high pozzolanic
reactivity and reduction in Ca(OH)2. Addition of
MK to concrete reduces the porosity, increase the
hydration process, enhance the resistance to
chemical attack and improves durability and the
pore structure [87]-[100]. MK is found to reduce
both autogenous and drying shrinkage and
expansion volume under steam curing due to the
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inclusion of large amounts of reactive AL203 in its
constituents[88], [101]-[103].

In the recent years, in RPC a variety of nanoparticles
NPs as (Si02, Al203, Fe203, Boron nitride)[104]-
[106], Zr[107], TiO2[108]-[112] and Nano-clay[113]
have been wused as additives to concrete for
modifying the cement hydration, the durability and
the mechanical properties of fresh and hardened
concrete[107], [113]-[116], high wear resistance and
excellent chloride penetration resistance[107], [108],
[115], [117]-[121].

However, NP have negative effect on concrete
workability as the NP adsorbs the large quantity of
water due their high surface area [111], [119], [122],
[123] and more cohesive [119], [124]and shows a
reduction in the setting time[117]-[121].

Another drawback for NP is that it affects the
concrete  matrix by limiting its strength
improvement as a result of particles
agglomeration[108], [125]-[129]. However,
sonication of powder along after mixing will show
an improvement in compressive strength and other
mechanical properties[123], [130].An optimal dosage
of NPs must be determined which ranges between
0% to 3%[107]. The enhancement of concrete
properties will be limited as the percentage of NPs
increase due to the increasing trend of CH crystals
orientation[107], [108], [131]. NPs exhibit the
achieved properties through 3 mechanisms[107],
[108], [113]-[115], [119], [132]-[148]:

-NPs have a seeding surface for the hydrate’s
deposition, which accelerates the hydration process.
-NPs significantly fill the gaps among large particles
between the cement particles, quartz powder, quartz
sand and the pozzolanic particles resulting a highly
packed matrix.

-Many NPs like (Nano SiO2[142], [149]-[155] and
Nano clays[125], [147]) have strong pozzolanic
reactivity, so they allow the formation of extra C-S-
H gel.

2.2 Quartz Sand and Quartz Powder

To achieve perfect compactness and homogeneous
matrix in addition to attain least pores, RPC must
incorporate graded aggregate size between 150pm
and 600pm[3], [4], [156]. It is not preferable to
integrate sand particles below 150pm to prevent the
interference with the largest cement particles (80-
100um) and to achieve an optimum granular
packing as shown in figure 4.

148

Tam et al.

160
a4 140 E
- 120
£ SR
e 10 - Day 3
b - — -
& 80 Oay 7
3 « Day 28
.3. 60 = Day %0
&
& 40
3
o 2

a ~

(150300 pam) (150800 pm)  (B0O- 1180 um)
Sure of aggrogate. pm
Fig.4. Effect of aggregate size on the compressive
strength[22]

So the function of quartz powder in RPC is an
excellent paste-aggregate interface filler that reduces
the initial porosity of the mixture causing
disconnected pores and resulting in very low
permeability, no obvious crack existing and thereby
increasing the final strength[3], [157]. Improving the
microstructure of RPC can be carried out by
increasing curing temperature that leads to longer
C-S-H chains due to the high cement hydration. Also
the high curing temperature cause an increase in the
pozzolanic activity of crushed quartz and
converting quartz powder into reactive silica so
prompting the pozzolanic reaction and producing
more CSH gel[3], [59], [158]-[160].

The addition of quartz powder resulted in an
increase in compressive strength of up to 20%[161].
In RPC the quartz sand is considered to be the
highest percentage ingredient with about 41% by
weight of RPC and the reasonable amount of quartz
powder used is RPC production reaches 20% and
35% by weight of cement[161], [162].

2.3 Water/Cement Ratio

The required quality of RPC can be achieved by
allowing the water to cementitious materials ratio
from (0.18 to 0.30) [163].Lower W/C ratio reduces
voids between particles and thus packing density
can be increased[164]. The increased packing density
has a positive effect on reduced porosity in the
cement matrix[164], [165].

2.4 Superplasticizers

RPC will be in more demand for water otherwise a
reduction in workability will be attained[166]. Thus,
a superplasticizers admixture is introduced to
enhance the workability of RPC in spite of low water
content [163], [166].

An appropriate dosage must be specified otherwise
a chemical conflict and late setting is observed. High
performance  superplasticizers contain  either
polycarboxylate, and Naphthalene Sulfonate or
Melamine Sulfonate (MS) are suitable to develop
uniform  RPC  matrix[166]. The  optimum
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superplasticizer dosages were as 1-3.6%, by the
weight of binder at depending on W/ B ratios [163].

2.5 Fibers

The addition of steel fibers enhances flexural
strength, toughness, ductility and the tensile
strength, and so these may resist the internal vapor
pressure at a high temperature which secures RPC
from spalling[167]. Both high strain and high stress
is achieved by raising steel fiber content at the
identical strain rates, leading to an obvious
enhancement in the stiffness[168], [169].

Fibers act as crack arrester; they control the
development of crack and blocking the crack growth
in the concrete matrix and hence it prevents any
crack from propagation[170], [171], so converts the
brittle mixture into a ductile one with better crack
resistance where ductility is increased by around
160% for beams with a fiber content of
2.0%[45].Small fiber content cause vertical cracks,
while and diagonal cracks for higher content of steel
fiber[45].

Several factors that mainly may affect their impact
on concrete performance such as aspect ratio, fiber
distribution, and steel fibers fraction volume, this
may be as follows:

(a)Fiber Distribution

The mechanical performance of concrete depends to
a high extent on the distribution of fibers in a
cementitious matrix[172]. It is recommended to hold
the bundled fibers, that are immersed together with
a water-soluble gum[173].

(b)Aspect Ratio of Fiber (L/d)

Aspect ratio is defined as the proportion of the fiber
length toits diameter. High aspect ratio gives better
performance than the small one. [174].

(c)The volume fraction of steel fibers:

As the volume fraction of fibers increases, the
growth of micro-cracks was restricted, in which an
increase in both the fracture toughness and the
indirect tensile strength (splitting strength) [45],
[174], [175].

An obvious fiber interlocking and loss of
workability accompanied by the inclusion of high
volumes of steel fibers in concrete[44], [174], [176].
Consequently, there is an optimum fiber content for
any given RPC matrix.

There are small differences between the three kinds
of steel fibers (smooth, hooked and twisted).Smooth
fibers is characterized by the high bond strength
among RPC matrix, while hooked and twisted fibers
attain additional mechanical bond [176].

3. Curing regime

The major principle of RPC production is the
improvement of microstructure to be more dense by
applying pressure with different heat treatment
during concrete curing[3], [4], [26], [177], [178].
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So the benefits from the incorporation of silica fume
to RPC will be achieved only after applying curing
regimes to RPC mixture [59].50, curing has an
essential effect on strength development on RPC.
Moreover, it was observed that standard curing is
not sufficient for RPC as the rate of strength gain
and hardening process will be very slowly[177].
RPC must be cured by (i)steam or hot curing or
(if)autoclave  curing. The most convenient
temperature for RPC curing by hot dry air may
reach up to 2500C, while exposure to temperature
more than 2500C may prompt a decrease in the
compressive strength. This may also cause a serious
microstructure deterioration due to the existence of
both large numbers of pores and cracks in the
surface of the specimen[47], [59], [111], [178]-[183].
To determine the main advantages of thermal
curing, it can be summarized as follows:

(1) It results in a dense microstructure and a high
mechanical performance to RPC by rising the ability
of fresh RPC at early ages to complete the reaction
between SF and portlantide that accelerates the
pozzolanic reaction and therefore a new crystallized
hydrates C-S-H is formed. This will increase the
micro aggregate reactivity causing an increase in the
inclusion matrix adhesion[26]. The increase in
temperature by 100C raises compressive strength
and flexural strength of concretes by 16 MPa and 0.7
MPa[26].

This process is very essential in RPC due to the
existence of high dosage of cementitious materials
which will remain un-hydrated due to the low w/c
ratio and hence the pozzolanic reaction between the
SF and the portlantide will also remain not
completed[22], [26], [181], [183]-[185].

(2) As for QP, heat treatment helps to produce
secondary hydrates by the pozzolanic reaction. So
crushed QP acts as pozzolanic material only at high
temperature more than 900C[177], [186].

(3) Heat treatment modifies the chemical
composition of hydrated grains in RPC. This can
decrease the ratio of calcium oxide to silicon dioxide.
Also, it reduces the ratio of water to calcium oxide.
All these reactions lead to the formation of C-S-H
family =~ which  are[177],  [187]:(1)Tobermorite
(2)Secondary Xonotlite (3) Xonotlite.

Past researches reached compressive strength
(150MPa to 310 MPa) when applying hot air curing
(900C - 2500C)[17], [59].

Autoclave curing is carried out by applying a
combination of both heat and pressure curing to
RPC. Compressive and flexural strengths will show
a high reading of about (20-30%) when applying
autoclaving compared to standard water curing,
while it will show a weak effect on fracture
toughness. Autoclave curing increase density and
decrease porosity which will affect the mechanical
performance of RPC. However, there is exact time
for both pressure and temperature, beyond these
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critical time a negative effect on both mechanical
performance and microstructure of RPC is
recorded[3], [15], [26], [188], [189].

Advantages of the autoclave can be summarized as
follows:

(1) Applying pre-setting pressure for 6- 12 h will
eliminate the pores resulted from autogenous
shrinkage but will increase the capillary pore
volume due to the movement of grains. These spaces
will permit the formation of additional C-S-H in the

hydration process and hence the pozzolanic
reaction[190].
After that, it will cause the appearance of

microcracks which in turn is improved due to the
expansion of aggregates after applying pressure[26],
[47], [59].

(2)The achieved strength may reaches 500MPa
when pre-setting pressure has values (50-
100MPa)[48], [52], [53], [182], [188], [191]. The
increase in temperature by 100oC increases both
compressive strength and flexural strength by 4 MPa
and 0.5 MPa for autoclaving[26].

(3)Increasing the adherence between paste of RPC
and fibers may be improved in autoclaving, which
in turn minimize the voids in the paste and hence
enhance the microstructure of RPC[3], [47], [188]. So,
both silica fume and steel fibers will behave more
effective under autoclaving curing[59]. It improves
the cohesion bond between fillers (SF and QP) and
the fine crystalline cement paste[3], [26], [59], [192],
[193].

(4) Autoclave curing will increase the elastic
modulus and will decrease the unit weight of
RPC[188].

(5) QP will be affected by autoclaving by allowing
the transformation of a-C2-S-H to tobermorite
structure which is desirable material in order to
achieve high mechanical development[59].

(7)The more fly ash, the higher autoclave pressure is
needed in order to obtain the highest strength[182].
(8) Autoclave curing will eliminate the formation of
secondary ettringite due to the existence of Al3+ and
SO4- ions during hydrothermal curing[3], [8], [26],
[193], [194].

The disadvantages of autoclaving may be:

(1) It limits the percentage of SF in RPC
because it restricts the rapid formation of
different hydrated products that cause the
existence  of porous and  weak
structure[177], [195].

(2) The higher cost of autoclave instruments
and steam curing chambers.

(3) The bond strength between reinforced steel
bars and concrete is lowered by 50% and
brittle material is achieved[177].

(1)
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4. Factors affecting the compressive
strength of RPC:

The main target in the development process of RPC
mix design is to achieve the highest compressive
strength. There are two main essential parameters
that obviously affects the values of the compressive
strength in which they are: (a) the selection of the
proper and exact ingredients[189]. (b) the type,
duration and temperature of curing[3], [177], [188],
[196].

Therefore particle packing for RPC can be achieved
by customizing and adapting the grading of the
whole range of solid particles, incorporating the fine
aggregate and the cementitious materials[197].
Table(l) shows the mix design ranges from the
previous researches.

Table 1: The ranges of different mixes.[57], [162]
Quar
tz Quar | Silica Steel Superplas
Cemen | pow tz fume W/ fibres ticizer
t der* | sand® | (% of % of | »
(kg/m®) | (% (kg/ | cement ¢ total (% u
of | m) |) weight) | &ment)
sand)
0.1
500- 20%- | 815- 10%-
1100 | 35% | 1100 [ 30% | o | 2 | 125

a) 10pum-45um, b) 150um-600um

Curing regimes affect to a high extent the
compressive strength of RPC. Autoclave and hot
steam curing considered to be very effective ways to
increase the compressive strength of RPC[48], [191],
[198], [199]. This can be due to the enhancement of
the hydration process under these curing regimes.
Compressive strength may reach over 200 MPa after
steam curing and greater than250 MPa after
autoclaving[48].

The following figures present the relation between
the compressive strength of RPC and different
cement proportions.

Generally, w/c ranges from 0.18 to 0.3 and silica
fume ranges from 10% to 30% from total binder
ratio. All these ranges do not cause a significant
change in the value of compressive strength.

The factors affecting the
compressive strength of RPC under
different curing regimes are:

(1)Cement content

Using different cement proportion may cause a
variation in the predicted compressive strength.
The effect of using different cement dosage on
compressive strength under standard curing,
steam curing and autoclave curing can be shown
on figure (5), figure(6) and figure(7) respectively.
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Standard Curing ~~"h.L00

Compreestive strength Mps

Cament Dozage | Kg/m')

Fig.5. Effects of different cement quantities on
RPC compressive strength under standard
curing[59], [60], [162], [169], [182], [189]

Steam Curing

Compressive Strength (Mpm

Cament dosage{Kg/m')

Fig.6. Effects of different cement quantities on
RPC compressive strength under steam curing[22],
[26], [47], [57], [188]-[190]

In RPC, steam curing considered to be very
important to achieve the desired improvement in
the mechanical behavior. Steam curing has a good
impact on cement, pozzolanic materials and quartz
powder. For cement, it enhances the hydration by
increasing its rate. The increase in temperature will
increase the pozzolanic reaction and causes extra
C-S-H gel to be formed. Also steam curing may
activate the silica found in quartz powder to carry
out its reaction and hence acting as both binding
and packing material.

Autoclave Curing

Compressive Strength (Mpay
*

o0 200 (51 70 20 800 1000

Cement dosage (Kg/m®%

Fig.7. Effects of different cement quantities on
RPC compressive strength under autoclave
curing[26], [52], [59], [182], [190]

In the above figure when the cement content
reaches1040 kg/m3, the compressive strength
decreases due to the decrease in silica fume
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content used (11% from binder ratio)in this
mix[182].
2 Pozzolanic materials:

Generally, its well known that in RPC the cement
dosage is obliviously high and the water/ binder
ratio is very low, that surely will accelerate
hydration reaction, leads to high heat of hydration
and shrinkage. These drawbacks can be overcome
by the partial replacement of cement with mineral
admixtures.
(a)Silica fume

Replacing silica fume with cement with a certain

ratio (from 15% to 25% from total binder ratio)

exhibits excellent increase in RPC compressive

strength. Adding more silica fume to RPC will not

achieve any improvement in compressive strength.
(b)fly ash as replacement of cement

The effect of using fly ash as a replacement from
cement by different percentages on the enhancement
of the compressive strength under standard curing,
steam curing and autoclave curing can be shown in
figure(8), figure(9), and figure(10) respectively.

2

standard curing

-
1t

strength
.

/
'

nenhancement in compressive

0 . 1

% fly ash from cement

Fig.8. Effect of using different percentages of fly ash
on compressive strength under standard curing[200]

The previous figure shows that there is a certain
limit of fly ash content under standard curing in
which the compressive strength will decrease below
this limit. This may be clarified by exceeding the fly
ash dosage will leave some FA particles unhydrated
in the binder mix.
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Steam curing

% enhancement In
compressive strength

fly ash % from cement

Fig.9. Effect of using different percentages of fly ash
on compressive strength under steam curing[51]

From the previous figure, it is recognized that steam
curing leads the mechanical strength reduction due
to rapid reactions compared to the standard curing
in water.

autoclave curing

senhancement in compressive
strength

10 0 3 an
% fly ash from cement

Fig.10. Effect of using different percentages of fly
ash on compressive strength under autoclave
curing[84]

The previous figure shows that the enhancement in
the compressive strength under autoclave curing is
clearly higher than that of standard curing and
steam curing. This finding demonstrates that the
increase in pressure during curing is appropriate for
RPC mixes containing more FA. This may be due to
that the pozzolanic reaction is improved and
quicken by the increase in both the pressure and
temperature[52], [182].The RPC mix is characterized
by the increase of cement content and the decrease
of water to binder ratio that leaves many cement
grains unhydratedand consequently the pozzolanic
reaction between the fly ash and portlandite will
not be completed. So, pressure treatment accelerates
the pozzolanic reaction and hence the formation of
new CSHJ[22], [185].

(c)Ground Granulated blast furnace slag as a
replacement of cement.

The inclusion of GGBFS as a replacement of cement
has many advantages to both RPC and to the
environment as its eco-friendly. For RPC, it was
found that an improvement in the compressive
strength, a reduction in both heat of hydration and
shrinkage and an enhancement in microstructure of
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the cementitious is observed when adding 20%
GGBFS replacement. This is may be due to the high
ratio of capillary pores filled with C-S-H gel [53].

(d) Metakaolin as replacement of silica fume

Effect of using metakaolin as a full substitute for SF
on the enhancement of the compressive strength
under standard curing was observed to induce a
slight reduction in compressive strength of RPC
mixes by around 6% from mixes containing silica
fume under standard curing [93]. RPC is expensive
due to the use of large quantities of silica fume, so
MK may be a better and economic alternative. It was
observed that MK requires higher w/c ratio than
silica fume. This, in turn, induces a slight reduction
in compressive strength of RPC mixes with MK [87],
[99], [201], [202].

(3) Nano Materials

Using nanomaterials by 3% replacement from
cement will cause an enhancement in the
compressive strength by around 12%
[108].However, sonication of nanoparticles powder
prior to mixing must be greatly considered to
achieve strength enhancement.

3) Quartz powder /Quartz Sand

It was observed that using different percentages of
quartz powder to quartz sand will affect the values
of compressive strength, this can be easily noticed in
figure(11).

% enhancement in
compressive strength

] 0.2 0s o6 0.8

Quartz filler/Quartz sand ratio

Fig.11. Effect of using different quartz filler /quartz
sand ratios on compressive strength[189].

In the curve shown above in figure(11) the
enhancement in compressive strength due to the
inclusion of quartz powder doesn’t exceed 10%. This
curve needs great verifications because it shows a
disagree with particle packing principles which
persist to incorporate quartz powder in RPC to
achieve an obvious increase in the compressive
strength. So further work is needed to clarify the
impact of the variance of quartz powder percentage
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on compressive strength by studying its
microstructure.

(5) Recycled materials
(a)Rice husk ash

The effect of using rice husk ash as a partial
substitute for SF by different percentages on the
enhancement of the compressive strength under
standard curing and steam curing can be clearly
shown on figure(12) and figure (13) respectively.

Standard curing

*

5

% eshancemant in comprassive
strength

l 10 20 30 & 50 (]
W tice bush s replacing siica fume

Fig.12. Effect of using rice husk ash as a partial
substitute for SF by different percentages on the
enhancement of the compressive strength under
standard curing[159]

Steam curing

.

N arhascarrant in compreiave stengh
-
.

W e sk aeh s placng Wiea Rame

Fig.13. Effect of using rice husk ash as a partial
substitute for SF by different percentages on the
enhancement of the compressive strength under
steam curing[159].

(b) Geopolymer

Wide use of cement in concrete production has
many drawbacks to the environment as it's a high
energy consumer, highly cost material, great air
pollutant due to the emission of large amount of
carbon dioxide gas during its production. In
addition, high cement dosage may badly increase
heat of hydration causing shrinkage to the concrete
members. So geopolymer considered an alternative
binder system which is environmentally friendly
material that decreases carbon dioxide evolution.
The inclusion of alkali-activated alumino-silicates
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has many good impacts like quick strength gain, less
curing demands and good durability performance.
GGGFS and SF can be used as industrial by-
products in producing geopolymer RPC at ambient
temperature conditions[203].

Although RPC is an ultra-high strength and high-
performance concrete, it may not have a good
performance in case of fire where it undergoes
explosive spalling[204]-[207]. Contrarily,
geopolymers are observed to possess excellent
resistance to fire but achieve comparatively lower
strengths.

RPGC exhibits excellent and promising results with
high workability. The highest initial compressive
strength reading of 76.25 MPa recorded at 24-hour
testing and no explosive spalling conditions with no
thermal cracking at 4000C[208]. Few studies have
been done regarding the behavior of a combination
of RPC and GP, while on the other hand there are a
lot of studies have been conducted on both materials
separately[208]. All RPGC testing is conducted at 24
hours which may be broadened to 7 or 28 days in
order to fully understand the long-term changes in
RPGCs with the inclusion of steel, glass or natural
fibers for the enhancement of strength[208].

(c) Granite Powder

The replacement of granite powder as a full
substitution of quartz powder and with a ratio of
22% of quartz sand didn't show a significant
enhancement in RPC workability nor compressive
strength. So RPC can be developed with the same
compressive strength when replacing quartz
powder with granite waste for sustainable concrete
[209].

5. Conclusions

1) Improvement of microstructure, elimination of
coarse aggregate, particle packing, and
toughness enhancement are the main principles
of RPC development.

2) RPC requires high cement content and
pozzolanic materials must be used to obtain the
required reactivity.

3) Curing is a vital aspect of RPC production for the
enhancement of microstructure and to achieve
high mechanical performance.
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Volumetric changes are the main problematic
properties that must be considered and can
prevent the wide use of RPC.

6. Future Recommendation

1) RPC is not environmentally friendly. So,
studies are required to replace the high cement
ratio.

2) Pozzolanic materials incorporated in RPC are
needed to be more economical and available.

3) Addition of nanomaterials to RPC shows good
mechanical behavior, so the development of RPC
containing nanomaterials must be tested using
more economic and available nanomaterials.
There are a lot of studies have been conducted on
the impact of nanoparticles on ordinary concrete,
not RPC. There is no enough knowledge about
the behavior of RPC incorporating Nano
clay[113].

4)There is no enough work on the behavior of
RPC when replacing the quartz powder with
different granite percentages.

5)Verifications and further work are needed to
clarify mixing different quartz powder to quartz
sand and its impact on RPC compressive
strength by studying its microstructure.

(6) Few studies have been done regarding the
behavior of a combination of RPC and GP, while
on the other hand there are a lot of studies have
been conducted on both materials separately.

(7) A gap in studying toughness has been found,
where there is no standard method for
measuring the toughness of UHPC and RPC.

(8) There is a shortage in data about cracking and
its evaluation method for RPC.

(9) Several potential areas for future research
work can be carried out on the behavior of RPC
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