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Abstract: A high-performance concrete (HPC) is required to have superior performance in various aspects such as workability,
strength, durability, dimensional stability, segregation stability, and passing ability. The mix design of HPC is rather complicated
because the number of ingredients in HPC is usually more than those in conventional concrete and some of the required properties
are conflicting with each other in the sense that improvement in one property would at the same time cause impairment of another
property. However, there is still lack of understanding regarding how the various mix parameters should be optimised for
achieving best overall performance. Most practitioners are still conducting mix design primarily through trial concrete mixing,
which is laborious, ineffective, and often unable to timely respond to fluctuations in the properties of raw materials. To address
these issues, the authors have been developing the packing and film thickness theories of concrete materials, in order to revamp the
mix design philosophy of HPC in terms of the water film thickness (WFT), paste film thickness (PFT), and mortar film thickness
(MFT) in the concrete. Based on the findings from an extensive experimental programme, suitable ranges of WFT, PFT, and MFT
have been recommended.
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1 Introduction ity, segregation stability, and passing ability (Aitcin,

1998; Russell, 1999). However, the mix design of

Through decades of research and development,
the performance of concrete has been enhanced re-
markably and high-performance concrete (HPC) has
become more and more popular. Compared with
conventional concrete, HPC should have all-round
superior performance in various aspects, for example,
workability, strength, durability, dimensional stabil-
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HPC is rather complicated due to the following rea-
sons. Firstly, the number of ingredients in HPC,
which usually incorporates various supplementary
cementitious materials and admixtures, is more than
those in conventional concrete. Secondly, some re-
quirements of HPC are conflicting with each other in
the sense that improvement in one property would at
the same time cause impairment of another property.
For example, increasing the flowability might ad-
versely affect the segregation stability, and vice versa.
Thirdly, there is still lack of understanding regarding
the combined effects of the various mix parameters
and how these parameters should be optimised for
achieving best performance of the concrete. Most
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practitioners are still conducting mix design primarily
through trial concrete mixing, which is laborious,
ineffective, and often unable to timely respond to
fluctuations in the properties of raw materials. Im-
provement in the fundamental understanding of con-
crete and development of a scientific approach for the
mix design of HPC are needed.

It had been hypothesized that the packing den-
sity of solid particles in a concrete mix has major
effects on the performance of concrete (Anderegg,
1931; Furnas, 1931; Powers, 1968; De Larrard,
1999). Basically, a higher packing density of the ce-
mentitious materials or binder would imply a smaller
volume of voids to be filled with water. This would
allow the adoption of a lower water/cementitious
materials (W/CM) ratio so as to enhance the strength
and durability. Likewise, a higher packing density of
aggregate particles would imply a smaller volume of
voids to be filled with paste. This would allow the
adoption of a smaller paste volume (PV) so as to
reduce the shrinkage and creep effects and improve
the dimensional stability (Wong and Kwan, 2005).
Alternatively, for a given W/CM ratio, a higher
packing density of the cementitious materials would
lead to a greater amount of excess water (water in
excess of that needed for filling the voids between
cementitious materials) to lubricate the cementitious
materials. Likewise, for a given PV, a higher packing
density of the aggregate particles would lead to a
greater amount of excess paste (paste in excess of that
needed for filling the voids between aggregate) to
lubricate the aggregate particles (Kwan and Wong,
2008; Li and Kwan, 2013). Both the excess water and
excess paste would reduce the friction and interlock
between particles and enhance the workability of
concrete.

The packing density of solid particles in concrete
has great effects on the water film thickness (WFT)
coating the cementitious materials particles, the paste
film thickness (PFT) coating the fine aggregate par-
ticles, and the mortar film thickness (MFT) coating
the coarse aggregate particles. In addition, the surface
area of solid particles plays a key role in affecting the
film thicknesses (Kwan and Wong, 2008). Princi-
pally, a larger surface area of the cementitious mate-
rials will render the WFT smaller, a larger surface
area of the fine aggregate will render the PFT smaller,
and a larger surface area of the coarse aggregate will

render the MFT smaller. For this reason, the authors
put forward the packing and film thickness theories,
and advocate that the main factors governing the
rheological performance of concrete are the WFT,
PFT, and MFT, which are influenced by the packing
density (Kwan and Wong, 2007; Li and Kwan, 2011a;
Kwan and Li, 2014). However, it should be noted that
the packing density should not be simply maximised.
In fact, it had been mentioned in classical literature
that if the grading of aggregate yields the maximum
packing density, a harsh concrete mix would result
(Neville and Brooks, 2010; Neville, 2011). As dis-
cussed in the following, a sequential optimisation of
the proportioning of paste, mortar, and concrete
should be adopted in the mix design of HPC.

In the old days, the dry packing test was pre-
dominant in determining the packing densities of
solid particles. There were two versions, one for
coarse aggregate under uncompacted or compacted
conditions and the other for filler under compacted
condition. Comparatively, the dry packing test works
better with larger size particles, such as coarse ag-
gregate particles (Kwan and Wong, 2008). It tends to
be erroneous when applied to fine aggregate and ce-
mentitious materials due to the following difficulties.
Firstly, the inter-particles forces in fine particles
would cause agglomeration, rendering the dry pack-
ing test to under-estimate the packing density of fine
particles (Li and Kwan, 2014). Secondly, the paste,
mortar, and concrete are inherently in the form of
mixture with water and also with a superplasticizer
(SP) when freshly mixed. There are beneficial effects
of water and SP on the packing density, but these
effects could not be reflected by the dry packing test
(Fung et al., 2009a; Li and Kwan, 2015).

There was another approach of determining the
voids ratio by consistence test of fine particles, such
as cementitious materials. In the standard consistence
test, the Vicat apparatus is used and the consistence of
the paste is measured in terms of the penetration depth
of the plunger (BSI, 2005). It is assumed that at
standard consistence, the water content is just enough
to fill the voids between the particles. However, there
are drawbacks of this indirect approach. Firstly, it is
difficult to judge whether a state of consistence (the
so called standard consistence) corresponds to the
situation where the amount of water is just enough to
fill the voids. Secondly, the entrapped air in the paste
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is neglected. In general, the consistence test would
result in under-estimation of the voids content and
over-estimation of the packing density. To address
these problems, the authors’ research team has re-
cently developed a wet packing test method which
measures the packing densities of cementitious ma-
terials and fine aggregate under wet condition (Wong
and Kwan, 2008a; 2008b; Fung et al., 2009b; Kwan et
al., 2012), as described later. The wet packing test
method so developed has been recognised and
adopted by other researchers (Zhang et al., 2011;
Mehdipour and Khayat, 2016).

Consider a paste (or the paste portion of mortar
or concrete), which is comprising of water and ce-
mentitious materials, the amount of excess water
available for lubrication is determined by the water
content and packing density of cementitious materi-
als. The excess water forms water films coating the
cementitious materials particles with an average
thickness dependent on the solid surface area of ce-
mentitious materials (Helmuth, 1980; Claisse et al.,
2001; Ferraris et al., 2001; Park et al., 2005; Nan-
thagopalan et al., 2008). Recently, the authors have
proposed to adopt the notion of powder paste (the
powder refers to particles finer than 75 pm in size, as
will be further elaborated below) in lieu of cementi-
tious paste. By integrating the physical significance of
water content, packing density, and solid surface area
of powder (inclusive of cementitious materials) to a
single entity known as the WFT, which is evaluated as
the ratio of excess water to solid surface area, the
authors’ research team has proven that the WFT is the
most important factor governing the rheological
properties of paste (Kwan and Wong, 2008; Wong
and Kwan, 2008c; Li and Kwan, 2011b; Li et al.,
2013).

Consider a mortar (or the mortar portion of
concrete), which is comprising of paste and fine ag-
gregate, the amount of excess paste is determined by
the paste content and packing density of fine aggre-
gate. The excess paste forms paste films coating the
fine aggregate particles with an average thickness
dependent on the solid surface area of fine aggregate
(Banfill, 1994; Oh et al., 1999; De Schutter and
Poppe, 2004; Miyake and Matsushita, 2007; Reddy
and Gupta, 2008). In recent years, the authors’ re-
search team has proposed to integrate the physical
significance of paste content, packing density, and

solid surface area of fine aggregate (the fine aggregate
is taken as the portion with size finer than 1.2 mm, as
will be further elaborated below) to a single entity
known as the PFT, which is evaluated as the ratio of
excess paste to solid surface area, and has shown that
the WFT and PFT are the key factors governing the
rheological properties of mortar (Kwan et al., 2010a;
Kwan and Li, 2011; 2012; Li and Kwan, 2013).

Consider a concrete, which is comprising of
mortar and coarse aggregate, the workability is de-
pendent on the amount of mortar, which should be in
surplus to that required for filling the voids between
the coarse aggregate particles (Powers, 1968; Neville
and Brooks, 2010; Neville, 2011). It has been estab-
lished that the fresh properties of a concrete mix are
closely related to the rheology of its mortar portion
(Lachemi et al., 2007; Ng et al., 2009a). In a properly
designed concrete mix, there should be a sufficiently
thick layer of flowable mortar to form a coating
wrapping every coarse aggregate particle (Domone,
2006). In view of the above, the authors’ research
team has introduced the notions of excess mortar and
MFT (Ng et al., 2009b; Kwan and Li, 2014). The
excess mortar refers to the mortar in excess of that
needed for filling the voids between coarse aggregate
particles, whereas the MFT is determined as the ratio
of excess mortar to solid surface area. The authors
propose that whilst the WFT and PFT govern the
rheology of the mortar portion, the MFT has gov-
erning effects on the rheological properties of the
concrete mix.

Fig. 1 illustrates the physical meaning of WFT,
PFT, and MFT. The authors believe that the WFT,
PFT, and MFT are the major factors affecting the
performance of concrete. To illustrate the signifi-
cance of these film thicknesses, a series of concrete
mixes with different combinations of water/cement
(W/C) ratio, cement paste volume (CPV), and fine/
total aggregate (F/T) ratio were produced and tested
for their rheological properties, including the flow
spread, flow rate, sieve segregation index (SSI), and
U-box filling height. With the combined effects of
WFT, PFT, and MFT well understood, the film
thicknesses would together form the basis of a new
method of concrete mix design, which is hereby
named as the three-tier mix design method. The core
concept is to design the concrete mix systematically
and sequentially in three tiers, firstly the paste,
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secondly the mortar, and finally the concrete, by
adopting suitable values of the WFT, PFT, and MFT.
It is envisaged that this new mix design method will
enable optimisation of various concrete mix parame-
ters to achieve best overall performance.

Powder particle
Water trapped inside the voids
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O‘Q‘ < Water films coating powder
N, \ particles
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O QO —— Water film thickness (WFT)
L4 O
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Coarse aggregate particle

Mortar trapped inside the voids

Mortar films coating coarse
aggregate particles

Mortar film thickness (MFT)
(c)

Fig. 1 (a) Water film thickness; (b) Paste film thickness;
(c) Mortar film thickness

2 Measurement of packing density
2.1 Principle of measurement

At the outset, the terms used to describe the
packing behaviour of cementitious materials are de-
fined. In a bulk volume of granular material, the voids
are the interstitial space between the solid particles.
The voids content (denoted by ¢) is defined as the
ratio of the volume of voids to the bulk volume of the
granular material, while the voids ratio (denoted by u)
is defined as the ratio of the volume of voids to the

solid volume of the granular material. They are inter-
related by

e=u/(1+u). (1)

In a paste/mortar/concrete, the voids may be
filled with water or air or both. The water content
(denoted by &) is defined as the ratio of the volume
of water to the bulk volume of the granular material
and the water ratio (denoted by uy) is defined as the
ratio of the volume of water to the solid volume of the
granular material. On the other hand, the air content
(denoted by &,) is defined as the ratio of the volume of
air to the bulk volume of the granular material and the
air ratio (denoted by u,) is defined as the ratio of the
volume of air to the solid volume of the granular
material. These parameters are related to each other
by the following equations:

av=uy/(1tuytuy), 2)
&a=ua/ (1t tu,). 3)

The solid concentration of the granular material
(denoted by ¢) is defined as the ratio of the solid
volume of the granular material to the bulk volume of
the granular material. It may be evaluated using the
following equation (Wong and Kwan, 2008b):

F=1—&=1/(1+u). C))

The packing density is not the same as the solid
concentration, which varies with the W/CM ratio.
When the W/CM ratio is relatively high, the solid
particles are dispersed in the water, resulting in a solid
concentration that decreases as the W/CM ratio in-
creases. On the other hand, when the W/CM ratio is
relatively low, the water content is insufficient to
thoroughly mix with the solid particles to form a paste,
resulting in a solid concentration that decreases as the
W/CM ratio decreases.

The proposed test method has the following
characteristics:

(1) It is a wet packing method. In other words, it
mixes the sample cementitious materials with water
to form water-bound granules, of which the voids
content and solid concentration are measured.

(2) It does not rely on any consistence observa-
tion or measurement. Instead, the W/CM ratio is
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varied and the resulting voids content and solid con-
centration are determined by measuring the apparent
density of the granules.

(3) Since the voids content and solid concentra-
tion are evaluated from the apparent density, the air
content is automatically taken into account. In fact,
the air content may also be evaluated for analysis.

(4) The mixing procedure, which has been found
during trials to be crucial to the success of the method,
is specially designed to achieve thorough mixing
within a reasonable duration.

Regarding the design of mixing procedure, the
consistence would vary with mixing time and in
general, a longer mixing time would improve the
consistence up to a certain limit. When the water
content is low and/or very fine materials are dealt
with, conventional mixing procedure would require a
long time to achieve thorough mixing. Very often, the
mixture remained for a long time in the form of dis-
crete water-bound granules with dry surfaces and it
was only when the mixing time was considerably
prolonged then the granules eventually coalesced
together to form a thick paste (Wong and Kwan,
2008b). This situation could be improved by adding
the powder to the water in small increments so that a
slurry is first formed in the mixer, as incorporated in
the procedures described in the following section.

2.2 Procedures of wet packing test

The water ratio u,, defined above is the same as
the water/solid (W/S) ratio by volume. There is an
optimum W/S ratio at which maximum solid con-
centration is achieved. The maximum solid concen-
tration, which occurs when the solid particles are
tightly packed amongst each other, is taken as the
packing density of the particle system. Therefore, to
determine the packing density, it is necessary to carry
out the wet packing tests at different W/S ratios over a
wide enough range to cover the optimum W/S ratio
for maximum solid concentration. For the case
without previously obtained test data to indicate an
appropriate range, it is suggested to start at a W/S
ratio by volume of 1.0 for the first test and then suc-
cessively reduce the W/S ratio for further tests until
the solid concentration has reached a maximum value
and subsequently dropped.

The equipment required for wet packing test is
simple and essentially the same as those specified in

European Standard BS EN 196: Parts 1 and 3 (BSI,
2005; 2016). The procedures of the test are described
below:

(1) Set the W/S ratio at which the wet packing
test is to be carried out. Weigh the required quantities
of water, solids (cementitious materials or aggre-
gates), and SP (if any) in separate containers.

(2) If the solids consist of several ingredient
materials blended together, pre-mix the materials in
dry for 2 min.

(3) Add all the water into the mixing bowl.

(4) Add half of the solids and SP into the mixing
bowl and run the mixer at low speed for not less than
3 min.

(5) Divide the remaining solids and SP into four
equal portions. Add the remaining solids and SP into
the mixing bowl one portion at a time and after each
addition run the mixer at low speed for not less than
3 min.

(6) Transfer the mixture to a cylindrical mould
and fill the mould to excess. If compaction is to be
applied, apply compaction at this stage. Remove the
excess with a straight edge and weigh the amount of
paste in the mould.

(7) For testing of cementitious materials, if so
desired, the consistence of the paste may be measured
at this stage by carrying out the penetration test with
the Vicat apparatus. It should be noted however that
the consistence measurement is not strictly necessary,
as the consistence results will not be used to calculate
the packing density.

(8) Repeat steps (1) to (7) at successively lower
W/S ratios until the maximum solid concentration, i.e.,
the packing density, has been found.

From the test results so obtained, the voids ratio,
air ratio, and solid concentration may be determined
as elucidated in the following. Let the mass and
volume of paste in the mould be M and V, respectively
(the mould used by the authors was of 62 mm diam-
eterx60 mm height but any other mould of similar
size may also be used). If the cementitious materials
consist of several different materials denoted by «, 3,
7, and so forth, the solid volume of the cementitious
materials V, and the volume of the water V5, in the
mould may be worked out from the following equa-
tions (Wong and Kwan, 2008a):

- M .6
pwuw +paRa +pﬂRﬂ +p;/Ry
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ViuwVe, (6)

in which py, is the density of water, p,, o5, and p, are
respectively the solid densities of &, £, and ¥, and R,,
Rp, and R, are respectively the volumetric ratios of ¢,
f, and yto the total solid. Having obtained V. and V4,
the voids ratio u, air ratio u,, and solid concentration ¢
may be determined as

u=(V=Vy)/V., (7)
u=V=V =V ) Ve, (8)
=VIV. ©)

Fig. 2 illustrates the results from wet packing test
by plotting the voids ratio against the W/S ratio. In the
same graph, the equality line of equality “g=0" is
drawn (because &=0 when u=uy,). The air ratio u, may
be obtained as u—u., i.e., the vertical distance between
the voids ratio curve and the “g,=0" line. The voids
ratio versus W/S ratio curve is concave in shape. At
the lowest point of the voids ratio curve, the minimum
voids ratio up;, and the basic water ratio uy, (the
water ratio yielding minimum voids ratio) can be
determined.

Voids ratio

WIS ratio by volume

Fig. 2 Voids ratio versus water/solid ratio

3 Experimental details
3.1 Materials and mix proportions

To illustrate the relevance of packing and film
thickness theories to the rheological properties of
concrete, a series of 32 trial concrete mixes produced

and tested in the laboratory are presented in this paper.

The materials employed in the concrete mixes are as
follows. An ordinary Portland cement (OPC) of
strength class 52.5 N in compliance with European
Standard BS EN 197-1: 2011 (BSI, 2011) was used. It
had a relative density of 3.11. The fine and coarse
aggregates were crushed granite rock complying with
European Standard BS EN 12620: 2013 (BSI, 2013).
The fine aggregate had a nominal maximum size of
5 mm, whereas the coarse aggregate included 10 mm
and 20 mm nominal size aggregates. Both the fine and
coarse aggregates were of the same source and had
the same relative density of 2.56.

For the OPC and the portion of fine aggregate
finer than 1.2 mm, a laser diffraction particle size
analyser was utilised to measure the respective parti-
cle size distributions. It works by measuring the an-
gular variation in intensity of light scattered as a laser
beam passes through the dispersed particle sample.
For the portion of fine aggregate coarser than 1.2 mm,
the 10 mm coarse aggregate, and the 20 mm coarse
aggregate, sieve analysis by means of the mechanical
sieving method was utilised to determine the respec-
tive particle size distributions. The resulting particle
size distributions are depicted in Fig. 3, from which
the specific surface areas of these materials were
determined and are listed in Table 1.

A polycarboxylate-based SP complying with
European Standard BS EN 934-2: 2009 (BSI, 2009a)
was added to the concrete mixes. It was in liquid form
with a solid content of 20% and a relative density of
1.03. Basically, its molecular structure can be char-
acterized by a main chain formed by an active
monomer attached with side chains formed by graft
copolymers. The SP could disperse the fine particles
in concrete by dual actions of steric hindrance and
electrostatic repulsion.

N
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3
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o
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o
T
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o
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Fig. 3 Particle size distributions of cement and aggregates
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Table 1 Specific surface areas of materials

Specific surface area

Material (mz/m3)

OPC 1.55x10°
Fine aggregate 5.12x10*
Portion of fine aggregate 1.03x10*

>75 um in size (excluding the

portion <75 pm in size)
Portion of fine aggregate 2.04x10°

>1.2 mm in size (excluding

the portion <1.2 mm in size)
10 mm coarse aggregate 642
20 mm coarse aggregate 398

Among the 32 concrete mixes, the mix parame-
ters including W/C ratio, CPV, and F/T ratio were
varied, as follows. The W/C ratio by weight was
varied between 0.25 and 0.55 in increments of 0.10;
the CPV was set at 30% and 34% by volume of con-
crete; and the F/T ratio by weight was varied between
0.3 and 0.6 in increments of 0.1. Among all concrete
mixes, the ratio of 10 mm to 20 mm aggregate was
fixed at 1.0 and the SP dosage was fixed at 2% by
weight of the cement content. Each concrete mix was
designated a mix reference in the form of W/C ratio-
CPV-F/T ratio for ease of identification, as listed in
Table 2. In the same table, the average 28-d cube
compressive strength of the concrete mixes measured
by three 150 mm cubes according to European
Standard BS EN 12390-3: 2009 (BSI, 2009b) is pre-
sented. The 28-d cube strength was ranging from
42 MPa to 106 MPa, which was able to cover a wide
range of concrete mixes for practical applications.

A laboratory pan mixer was employed to mix the
concrete ingredients. In the mixing process, the ce-
ment and aggregates were first batched into the mixer
and pre-mixed under dry condition for 1 min. The
water and SP were then added into the mixer and the
concrete was mixed under wet condition for not less
than 3 min. After mixing, fresh concrete was sampled
from the batch for undergoing the slump flow test,
V-funnel test, sieve segregation test, and U-box test.
These tests had been employed to testify the desirable
rheology of self-consolidating concrete mixes by the
authors’ research team (Ng et al., 2006; 2008; Kwan
and Ng, 2008; 2009; Li and Kwan, 2013; Kwan and
Ling, 2015; Ling and Kwan, 2015). The tests were

conducted within 30 min, during which the changes in
rheological properties should be insignificant.

3.2 Tests of fresh concrete

The slump flow test, V-funnel test, sieve segre-
gation test, and U-box test respectively measure the
static flowability, dynamic flowability, cohesiveness,
and passing ability of the fresh concrete mixes (Ng et
al., 2006; Kwan and Ng, 2008). The methodology of
these tests is explicated in the following.

The slump flow test was performed using the
standard slump cone in accordance with European
Standard BS EN 12350-8: 2010 (BSI, 2010a). In
performing the test, the fresh concrete mix was filled
into the slump cone, the top surface of concrete was
trowelled flat, and then the slump cone was lifted
vertically upwards to allow the fresh concrete to
slump by gravity to form a patty. The diameters of
patty were measured at two mutually perpendicular
locations and the results were averaged to give the
flow spread of the concrete mix. In addition, the patty
was observed for any sign of segregation. If an an-
nular strip of paste or mortar separated from the
coarse aggregates appeared at the edge of patty due to
segregation, the width of the paste or mortar strip was
measured at four perpendicular diametral locations
and the average was taken as the segregation width.

The V-funnel test was conducted in accordance
with European Standard BS EN 12350-9: 2010 (BSI,
2010b). In performing the V-funnel test, the bottom
gate of the funnel was initially closed to shut off the
bottom orifice. Fresh concrete was gently placed into
the funnel up to the top. The concrete top surface was
then levelled, and the bottom gate of funnel was
opened instantly to discharge the fresh concrete
through the bottom orifice. The time taken for com-
plete discharge of concrete as indicated by light
passing through the bottom orifice was recorded as
the V-funnel time. The volume of concrete in the
funnel was divided by the V-funnel time to give the
flow rate of the concrete mix.

The sieve segregation test followed that stipu-
lated in European Standard BS EN 12350-11: 2010
(BSI, 2010c). A 5 mm sieve complying with British
Standard BS 410-2: 2000 (BSI, 2000) was employed
for the test. In performing the sieve segregation test,
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Table 2 Mix proportions of concrete mixes

28-d cube compressive

. . 0 .
No. Mix reference W/C ratio CPV (%) F/T ratio strength (MPa)
1 0.25-30-0.3 0.3 100.2
2 0.25-30-0.4 0.4 104.2
0.25 30
3 0.25-30-0.5 0.5 93.5
4 0.25-30-0.6 0.6 93.6
5 0.35-30-0.3 0.3 91.5
6 0.35-30-0.4 0.4 89.1
0.35 30
7 0.35-30-0.5 0.5 84.2
8 0.35-30-0.6 0.6 81.5
9 0.45-30-0.3 0.3 69.4
10 0.45-30-0.4 0.4 73.7
0.45 30
11 0.45-30-0.5 0.5 74.0
12 0.45-30-0.6 0.6 74.6
13 0.55-30-0.3 0.3 47.4
14 0.55-30-0.4 0.4 54.4
0.55 30
15 0.55-30-0.5 0.5 51.5
16 0.55-30-0.6 0.6 48.9
17 0.25-34-0.3 0.3 106.1
18 0.25-34-0.4 0.4 102.2
0.25 34
19 0.25-34-0.5 0.5 96.3
20 0.25-34-0.6 0.6 98.4
21 0.35-34-0.3 0.3 92.1
22 .35-34-0.4 4 1.4
0.35-34-0 0.35 4 0 9
23 0.35-34-0.5 0.5 88.1
24 0.35-34-0.6 0.6 85.0
25 0.45-34-0.3 0.3 61.5
26 0.45-34-0.4 0.4 60.0
0.45 34
27 0.45-34-0.5 0.5 57.5
28 0.45-34-0.6 0.6 61.4
29 0.55-34-0.3 0.3 42.0
30 0.55-34-0.4 0.4 453
0.55 34
31 0.55-34-0.5 0.5 45.8
32 0.55-34-0.6 0.6 49.6

fresh concrete of approximately 10 L in volume was
placed in a 300 mm diameter plastic container and
then left undisturbed. After waiting for 15 min to
allow settlement and bleeding to take place, the upper
2 L (approximately 4.8 kg) of concrete in the con-
tainer was gently poured from a height of 500 mm
onto the 5 mm sieve and allowed to drip through the
sieve to be collected by a base receiver underneath.
After the dripping had stopped, the proportion of
mortar (in percentage) collected by the base receiver
was determined by weighing, and was taken as the
SSI of the concrete mix. In general, a concrete mix

with lower cohesiveness would have a larger propor-
tion of mortar dripped to the base receiver, and vice
versa. Therefore, a higher SSI value generally indi-
cates lower stability against segregation, and vice
versa.

The U-box employed in the test had the same
design as that described by Okamura and Ouchi
(2003). Its shape resembled a U-shape, and has a
storing compartment and a filling compartment. Be-
tween the two compartments, there was an opening
provided with three plain round steel bars of 12 mm
diameter. The bars simulated the obstruction due to
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closely spaced reinforcing bars in concrete construc-
tion. A vertical sliding gate was provided at the
opening to control the flow of concrete. The sliding
gate was initially closed at start of test and the whole
storing compartment was gently filled up by fresh
concrete. Then the sliding gate was lifted open to
allow the flowing of concrete mix from the storing
compartment to the filling compartment under its own
weight. After the flow had ceased, the height of con-
crete in the filling compartment was measured as the
filling height of the concrete mix.

4 Determination of WFT, PFT, and MFT
4.1 Determination of WFT

To determine the WFT in a concrete mix, the
packing density ¢ of all the solid particles in the
concrete mix (cement plus aggregate) should first be
measured using the wet packing test. The corre-
sponding minimum voids ratio u can be determined
from Eq. (10), and the excess water ratio u,," (which
means the ratio of the volume of excess water to the
solid volume of all the particles) can be calculated per

Eq. (11):

u=(1-9)/¢,

Uy =Uw—U,

(10)
)

where u,, denotes the water ratio of the concrete mix
(the ratio of the volume of water to the solid volume
of all particles). From the overall particle size distri-
bution results, the specific surface area Ag of all the
particles (i.e., the solid surface area per unit solid
volume of all the particles) can be evaluated. With
known values of u,,' and As, the WFT, which has the
physical meaning of being the average thickness of
water films coating the solid particles, may be ob-
tained as

WFT=u,'/As. (12)

4.2 Determination of PFT

The determination of PFT follows a similar ap-
proach. Nevertheless, the authors have observed that

the fines in the aggregate (i.e., the portion of aggre-
gate finer than 75 pum) tended to intermix with the
cementitious materials and water so that it became a
non-separable part of the paste. Hence, it is necessary
to redefine the paste. Using 75 pm as a dividing line,
the authors suggest to define the powder as the parti-
cles finer than 75 um (inclusive of the cementitious
materials and the fines in the aggregate) and the
powder paste as the mixture of water and powder
(contrarily, the cement paste is the mixture of water
and cement, without the inclusion of fines in the ag-
gregate). Since normally a certain amount of fines
exists in the aggregate and would form part of the
paste, the paste should more appropriately be taken as
the powder paste instead of the cement paste. Thus,
the PV should consist of the volume of water, solid
volume of cement, and solid volume of fines in the
aggregate. Consequently, in the determination of
packing density of aggregate for the purpose of cal-
culating the PFT, the portion of aggregate finer than
75 pm should be excluded.

By means of the wet packing test, the packing
density ¢, of the aggregate particles >75 pm in size
can be obtained. The corresponding minimum voids
ratio u, can be determined from Eq. (13), and the
excess paste ratio #,’ (which means the ratio of the
volume of excess paste to the solid volume of the
aggregate particles >75 um) can be evaluated per
Eq. (14):

ug=( 1_¢g)/¢g,

r—
Up =Up—lUyg,

(13)
(14)

where u,, denotes the paste ratio of the concrete mix
(the ratio of the PV to the solid volume of the aggre-
gate particles >75 um). From the respective particle
size distribution results, the specific surface area Ag
of the aggregate particles >75 pm (i.e., the solid sur-
face area per unit solid volume of the aggregate par-
ticles >75 pum) can be evaluated. With known values
of u,’ and Ag, the PFT, which has the physical
meaning of being the average thickness of paste films
coating the aggregate particles >75 um, may be ob-
tained as

PFT=u,/Ag. (15)
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4.3 Determination of MFT

The determination of MFT also follows a similar
approach. Nevertheless, the authors have observed
that when a concrete mix exhibited sign of segrega-
tion, the fine aggregate particles finer than 1.2 mm
tended to be staying with the paste. In view of this
observation, it has been postulated that the fine ag-
gregate particles <1.2 mm would behave in a different
manner from the larger size particles, such that the
coherent mixture of paste and fine aggregate particles
<1.2 mm would have greater influence on the rheo-
logical properties of concrete compared to the mix-
ture of paste and fine aggregate with 5.0 mm maxi-

mum size (Kwan and Li, 2014; Kwan and Ling, 2015).

Herein, the authors suggest to redefine the mortar
portion of concrete as the mixture of paste and fine
aggregate particles finer than 1.2 mm (it is in fact
usual to use mortar mixes containing fine aggregates
of maximum size up to 1.2 mm for screeding, ren-
dering and blockwork applications). Consequently, in
the determination of packing density of aggregate for
the purpose of calculating the MFT, all the aggregate
particles larger than 1.2 mm should be included.
Using the wet packing test, the packing density
¢. of the aggregate particles >1.2 mm in size can be
obtained. The corresponding minimum voids ratio u,
can be determined from Eq. (16), and the excess
mortar ratio u,,’ (which means the ratio of the volume
of excess mortar to the solid volume of the aggregate
particles >1.2 mm) can be calculated per Eq. (17):

u~(1-¢.)/ ¢.,

r—
Um =Um—Ue,

(16)
a7

where u,,, denotes the mortar ratio of the concrete mix
(the ratio of the volume of mortar to the solid volume
of the aggregate particles >1.2 mm). From the re-
spective particle size distribution results, the specific
surface area Ac of the aggregate particles >1.2 mm
(i.e., the solid surface area per unit solid volume of the
aggregate particles >1.2 mm) can be evaluated. With
known values of u,,” and Ac, the MFT, which has the
physical meaning of being the average thickness of
mortar films coating the aggregate particles >1.2 mm,
may be obtained as

MFT=u,'/Ac. (18)

4.4 Redefining aggregate classifications

The foregoing discussion has pointed out that as
far as the paste is concerned, the portion of aggregate
particles finer than 75 um in size (generally referred
to as the fines content) tends to be intermixed with the
cementitious materials and water to form part of the
paste, which is collectively referred to as the powder
paste by the authors. In fact, the fines content influ-
ences the rheology of concrete in a different manner
from the remaining portion of fine aggregate (Fung ef
al., 2009b; Kwan et al., 2014). Furthermore, from
extensive research on high-flowability concrete, the
authors’ research team has found that whilst the por-
tion of aggregate particles larger than 1.2 mm in size
tends to segregate from the paste, the portion of fine
aggregate particles finer than 1.2 mm in size tends to
stay with the paste to form a coherent mass, which is
defined as the mortar portion by the authors (Ng et al.,
2006; 2008; Kwan and Ng, 2009).

Based on the above-mentioned phenomena, in
calculating the PFT, the fines content is included in
the PV but excluded in the solid surface area to be
coated, while in calculating the MFT, the portion of
fine aggregate finer than 1.2 mm is included in the
mortar volume but excluded in the solid surface area
to be coated (Kwan and Li, 2014). Regarding the
effect of aggregate proportioning on the rheology of
concrete, the authors advocate the redefinition of
classes of aggregate (Kwan and Ling, 2015), as given
in the following. According to the new classification,
the fine aggregate is redefined such that it has a
particle size of smaller than 1.2 mm, the coarse ag-
gregate is redefined such that it has a particle size of
larger than 5 mm, and a new class named as the me-
dium aggregate is defined as the aggregate having a
particle size of larger than 1.2 mm but smaller than
5 mm.

The authors further advocate that the three-tier
concrete mix design method for HPC should be based
on the new classification of aggregates. This would
result in better aggregate proportioning in concrete
mixes, which not only improve the rheology, but also
allows possible reduction of CPV to achieve the same
desired workability (Kwan and Ling, 2015), so as to
reduce the cement consumption and enhance the
sustainability of concrete construction.
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5 Experimental results of

properties

rheological

From the slump flow test, the flow spread results
obtained are tabulated in the second column of
Table 3 and plotted against the W/C ratio for different
CPV and F/T ratios in Fig. 4. It is found that over the
range of W/C ratio covered, at all CPV and F/T ratios,
the flow spread increased with the W/C ratio at a
gradually diminishing rate. Moreover, the flow spread

was generally higher when the CPV was larger. These
phenomena can be explained by the increase in water
content at increasing W/C ratio and/or CPV. Mean-
while, it can be seen from Fig. 4 that at the same W/C
ratio and CPV, the flow spread decreased with in-
creasing F/T ratio. The underlying reason might be
when the F/T ratio was higher, the surface area of
aggregates was larger and the inter-particle friction
became greater.

For a number of concrete mixes, segregation was

Table 3 Experimental results of concrete rheology

Mix reference Flox();/n Sé)lgead ‘S;(géﬁg(zrlrtllr(r)ll)l Fl(on\;vl/rsa)tte ?)/S(; Fillizlnglr}:l()eight
0.25-30-0.3 200 0 0 0 0
0.25-30-0.4 200 0 0 0 0
0.25-30-0.5 200 0 0 0 0
0.25-30-0.6 200 0 0 0 0
0.35-30-0.3 518 35 493 1.2 23
0.35-30-0.4 488 0 206 0.1 18
0.35-30-0.5 353 0 23 0 0
0.35-30-0.6 323 8 0 0
0.45-30-0.3 645 102 1245 17.9 84
0.45-30-0.4 630 757 6.4 84
0.45-30-0.5 630 470 1.7 38
0.45-30-0.6 575 123 1.0 31
0.55-30-0.3 760 175 2522 28.8 80
0.55-30-0.4 730 84 1363 28.4 44
0.55-30-0.5 665 91 1108 16.9 28
0.55-30-0.6 585 13 167 9.0 45
0.25-34-0.3 318 112 0
0.25-34-0.4 200 0 0
0.25-34-0.5 200 0 0
0.25-34-0.6 200 0 0
0.35-34-0.3 695 18 1050 14.3 180
0.35-34-0.4 650 762 8.5 172
0.35-34-0.5 643 307 5.8 190
0.35-34-0.6 576 269 0.4 306
0.45-34-0.3 820 146 1792 56.4 160
0.45-34-0.4 780 121 1157 38.0 170
0.45-34-0.5 725 65 1181 443 185
0.45-34-0.6 670 0 350 28.0 310
0.55-34-0.3 903 132 3361 47.6 150
0.55-34-0.4 838 87 1814 54.6 186
0.55-34-0.5 758 104 1575 473 210
0.55-34-0.6 807 38 1425 31.9 336
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noticed during the slump flow test and the segregation
width was measured, as listed in the third column of
Table 3. By observation, when the segregation width
was greater than 50 mm, the segregation problem
appeared to be serious. Therefore, a segregation
width >50 mm may be regarded as an indicator of
serious segregation. In Fig. 4, the data points corre-
sponding to those concrete mixes exhibiting serious
segregation are circled for ease of visualisation. Ap-
parently, serious segregation often occurred at W/C
ratio of 0.45 or higher, and/or at F/T ratio of 0.4 or
lower.

From the V-funnel test, the flow rate results ob-
tained are tabulated in the fourth column of Table 3
and plotted against the W/C ratio for different CPV
and F/T ratios in Fig. 5. It is seen that for all CPV and
F/T ratios, the flow rate increased with the W/C ratio
at an approximately constant rate. Moreover, the flow
rate was generally higher at larger CPV. The under-
lying reason of these observations would be due to the
increased water content at increasing W/C ratio
and/or CPV. Meanwhile, Fig. 5 also reveals that at
constant W/C ratio and CPV, the flow rate decreased
as the F/T ratio increased.

From the sieve segregation test, the SSI results
obtained are listed in the fifth column of Table 3 and
plotted against the W/C ratio for different CPV and
F/T ratios in Fig. 6. It is noted that at relatively low
W/C ratios, the SSI was almost zero, while at W/C
ratios exceeding a certain value, the SSI began to
increase with the W/C ratio. Moreover, at a larger
CPV or a lower F/T ratio, the SSI started to increase
at lower W/C ratio; such that at the same W/C ratio,
the SSI was higher. Thus, the segregation stability
(and cohesiveness) of a concrete mix is in general
higher at lower W/C ratio, smaller CPV or higher F/T
ratio. To examine the relation between SSI and seg-
regation behaviour, the data points corresponding to
those concrete mixes exhibiting serious segregation
during slump flow test are circled in Fig. 6. Appar-
ently, the majority of concrete mixes having SSI of
higher than 20% had segregation problem. Therefore,
it is suggested that the SSI may be limited to 20%,
above which the concrete mix would be prone to
segregation.

From the U-box test, the filling height results
obtained are tabulated in the last column of Table 3
and plotted against the W/C ratio for different CPV
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and F/T ratios in Fig. 7. It is observed that at relatively
low W/C ratios, the filling height remained at almost
zero, while at W/C ratios exceeding a certain value,
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the filling height began to increase with the W/C ratio
until reaching a certain maximum value. Comparing
the results of concrete mixes at CPV of 30% and 34%,
it is evident that at a larger CPV, the filling height
started to increase at a lower W/C ratio; such that at
the same W/C ratio, the filling height was considera-
bly higher. Thus, the passing ability of a concrete mix
is in general better at higher W/C ratio or larger CPV.
It is also noticed that the F/T ratio had a bearing on the
passing ability but its effect seemed to be coupled
with the CPV. At a CPV equal to 30%, the filling
height decreased with increasing F/T ratio, whilst at a
CPV equal to 34%, the filling height increased with
increasing F/T ratio.

—=—CPV=30%, F/T=0.3 —e— CPV=30%, F/T=0.4
| —&—CPV=30%, F/T=0.5 —e— CPV=30%, F/T=0.6
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Fig. 7 Variations of U-box filling height

6 Packing density and film thickness results

In the following, the experimental results of

packing densities, WFT, PFT, and MFT are inspected.

The packing density result of all solid particles in the
concrete is presented in the second column of Table 4,
where the values were within the range from 0.873 to
0.894. Maximum values of packing density were
generally attained at F/T ratios of 0.3 to 0.5. Besides,
the packing density result of the portion of aggre-
gate >75 pum is presented in the second column of
Table 5, where the values were ranging from 0.735 to
0.743 with a peak value of 0.743 occurring at F/T
ratio of 0.4. The packing density result of the portion
of aggregate >1.2 mm is presented in the second
column of Table 6 (p.773), where the values were
ranging from 0.654 to 0.710 with a peak value of
0.710 occurring at F/T ratio of 0.5.

Despite the apparently small changes of packing
densities in the above, the corresponding excess water
ratios, excess paste ratios, and excess mortar ratios
varied considerably, as tabulated in Tables 4 to 6. For
example, at W/C ratio of 0.25 and CPV of 30%, while
the packing density of all solid particles varied be-
tween 0.880 and 0.890 (equivalent to a change of
1.1%), the excess water ratio ranged from 0.023 to
0.035 (i.e., an increase of 52%). Similarly, while the
packing density of aggregate particles >75 um varied
between 0.735 and 0.743 (equivalent to a change of
1.1%), the excess paste ratio ranged from 0.123 to
0.166 (i.e., an increase of 35%). Likewise, while the
packing density of aggregate particles >1.2 mm var-
ied between 0.654 and 0.710 (equivalent to a change
of 8.6%), the excess mortar ratio ranged from 0.245 to
0.857 (i.e., an increase of 250%).

For evaluation of film thicknesses, the specific
surface areas of all the solid particles, portion of ag-
gregate particles >75 um, and portion of aggregate
particles >1.2 mm in the concrete mixes have been
computed from their respective particle size distribu-
tions, and are tabulated respectively in Tables 4, 5,
and 6. From these results, it is obvious that the spe-
cific surface areas are heavily dependent on the mix
parameters including W/C ratio, CPV, and F/T ratio.
In principle, a lower W/C ratio, a larger CPV or a
higher F/T ratio would proliferate the surface area of
all solid particles to be coated by water films, whereas
a higher F/T ratio would proliferate the surface area of
aggregate particles >75 pm to be coated by paste
films as well as the surface area of aggregate parti-
cles >1.2 mm to be coated by mortar films.

Based on the above results, the WFT, PFT, and
MFT values of each concrete mix may be calculated
per Eq. (12), Eq. (15), and Eq. (18), respectively, as
tabulated in the last columns of Tables 4 to 6. As
shown in Table 4, the WFT is ranging between
0.072 um and 0.588 pum, and is always increasing
with the W/C ratio and CPV but decreasing with
increasing F/T ratio. As shown in Table 5, the PFT is
ranging between 26.5 um and 63.9 um, and is always
increasing with the CPV but decreasing with in-
creasing F/T ratio. As shown in Table 6, the MFT is
ranging between 0.33 mm and 0.92 mm, and is always
increasing with the CPV and F/T ratio. It should be
noted that the respective ranges of WFT, PFT, and
MFT values had different order of magnitudes.
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Table 4 Water film thickness (WFT) of concrete mixes

Packing density of

Surface area of all solid

Mix reference all solid particles Water ratio  Excess water ratio particles (m*/m’) WEFT (um)
0.25-30-0.3 0.890 0.035 306214 0.114
0.25-30-0.4 0.886 0.159 0.030 310386 0.097
0.25-30-0.5 0.882 0.025 314517 0.079
0.25-30-0.6 0.830 0.023 318608 0.072
0.35-30-0.3 0.889 0.066 271215 0.243
0.35-30-0.4 0.890 0.191 0.067 275504 0.243
0.35-30-0.5 0.888 0.065 279751 0.232
0.35-30-0.6 0.882 0.057 283957 0.201
0.45-30-0.3 0.886 0.088 243755 0.361
0.45-30-0.4 0.887 0.090 248136 0.363
0.45-30-0.5 0.889 0217 0.092 252474 0.364
0.45-30-0.6 0.879 0.079 256771 0.308
0.55-30-0.3 0.838 0.111 221636 0.501
0.55-30-0.4 0.890 0.113 226090 0.500
0.55-30-0.5 0.887 0-237 0.110 230502 0.477
0.55-30-0.6 0.884 0.106 234871 0.451
0.25-34-0.3 0.883 0.051 351970 0.145
0.25-34-0.4 0.830 0.184 0.048 355988 0.135
0.25-34-0.5 0.876 0.042 359967 0.117
0.25-34-0.6 0.873 0.039 363907 0.107
0.35-34-0.3 0.890 0.098 312765 0.313
0.35-34-0.4 0.894 0222 0.103 316914 0.325
0.35-34-0.5 0.890 0.098 321023 0.305
0.35-34-0.6 0.879 0.084 325093 0.258
0.45-34-0.3 0.890 0.129 281759 0.458
0.45-34-0.4 0.889 0.253 0.128 286012 0.448
0.45-34-0.5 0.887 0.126 290224 0.434
0.45-34-0.6 0.883 0.120 294396 0.408
0.55-34-0.3 0.887 0.151 256624 0.588
0.55-34-0.4 0.889 0378 0.153 260961 0.586
0.55-34-0.5 0.883 0.145 265257 0.547
0.55-34-0.6 0.881 0.143 269511 0.531

Table 5 Paste film thickness (PFT) of concrete mixes

Mixreterence e s Pastertio s 75 wm (oY (um)
we-30-0.3 0.739 0.477 0.123 3330 37.2
we-30-0.4 0.743 0.493 0.147 4289 343
we-30-0.5 0.740 0.510 0.158 5260 30.2
we-30-0.6 0.735 0.526 0.166 6243 26.5
we-34-0.3 0.739 0.566 0.213 3330 63.9
we-34-0.4 0.743 0.583 0.238 4289 55.3
we-34-0.5 0.740 0.601 0.250 5260 475
we-34-0.6 0.735 0.619 0.258 6243 414

Note: wc stands for the W/C ratio, whose value may be 0.25, 0.35, 0.45 or 0.55 in this table
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Table 6 Mortar film thickness (MFT) of concrete mixes

Mix reference Packing djcnsity of aggre- Mor.tar Excess monar Surface area of aggrezgat3e MET
gate particles >1.2 mm ratio ratio particles >1.2 mm (m“/m°) (mm)

we-30-0.3 0.654 0.774 0.245 740 0.33
wec-30-0.4 0.687 0.926 0.470 836 0.56
wc-30-0.5 0.710 1.104 0.696 949 0.73
wc-30-0.6 0.685 1.317 0.857 1084 0.79
wc-34-0.3 0.654 0.881 0.352 740 0.48
wc-34-0.4 0.687 1.042 0.586 836 0.70
wc-34-0.5 0.710 1.232 0.824 949 0.87
wc-34-0.6 0.685 1.457 0.997 1084 0.92

Note: wc stands for the W/C ratio, whose value may be 0.25, 0.35, 0.45 or 0.55 in this table

7 Combined effects of WFT, PFT, and MFT

7.1 Effects of film thicknesses on flow spread

The flow spread is plotted against the WFT in
Fig. 8a. The graph reveals that when the WFT was
smaller than 0.14 um, the flow spread was very close
to 200 mm (because the slump cone had a base di-
ameter of 200 mm, this flow spread value means no
flowability). On the other hand, when the WFT was
larger than 0.14 um, the flow spread increased with
the WFT at a diminishing rate. By conducting multi-
variable regression analysis, the correlation between
flow spread and WFT, PFT, and MFT is studied. The
best-fit curves so obtained are plotted in the same
figure, in which the formulas of regression result are
also shown. It can be seen that every data point
lies very closely to one of the flow spread versus
WEFT curves. The coefficient of correlation R’
achieved is as high as 0.961, demonstrating that the
film thicknesses are key factors governing the flow
spread.

In order to reflect the individual effects of the
PFT and MFT, at a constant WFT of 0.40 um, the
flow spread is plotted against the PFT for distinct
values of MFT using the regression formula obtained
above, as shown in Fig. 8b. The graph reveals that at
the same WFT, the flow spread increased with the
PFT at a diminishing rate, indicating that the PFT has
positive effect on the flow spread. In contrast, the
flow spread changed with the MFT marginally, indi-
cating that the MFT has minor effect on the flow
spread.
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Fig. 8 (a) Flow spread versus WFT; (b) Variations of flow
spread at WFT equal to 0.4 pm
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For concrete mixes having segregation widths
larger than 50 mm, the corresponding data points are
circled in the figure. It is notable that at WFT ex-
ceeding 0.40 pm, serious segregation was likely to
occur. Therefore, when the WFT is larger than
0.40 um, preventive measures against segregation
such as reducing the SP dosage and/or lowering the
W/CM ratio should be adopted.

7.2 Effects of film thicknesses on flow rate

The flow rate is plotted against the WFT in
Fig. 9a. The graph reveals that at WFT smaller than
0.14 pm, the flow rate remained near to zero but at
larger WFT, the flow rate increased with the WFT at a
gradually increasing rate. By conducting multi-
variable regression analysis, the correlation between
flow rate and WFT, PFT, and MFT is studied. The
best-fit curves so obtained are plotted in the same
figure, in which the formulas of regression result are
shown. A fairly high R* value of 0.942 is achieved,
demonstrating that the film thicknesses are key fac-
tors governing the flow rate.

In order to reflect the individual effects of the
PFT and MFT, at a constant WFT of 0.40 um, the
flow rate is plotted against the PFT for distinct values
of MFT using the regression formula obtained above,
as shown in Fig. 9b. The graph reveals that at the
same WFT, the flow rate increased linearly with the
PFT, indicating that the PFT has positive effect on the
flow rate. Conversely, the flow rate dropped signifi-
cantly when the MFT increased, indicating that the
MFT has negative effect on the flow rate. Such neg-
ative effect might be due to the need to overcome a
higher viscosity of concrete with larger MFT by the
dynamic shear strain arisen during the V-funnel test,
resulting in a lower flow rate.

7.3 Effects of film thicknesses on SSI

The SSI is plotted against the WFT in Fig. 10a.
The graph reveals that when the WFT was smaller
than a certain value which is dependent on the PFT
and MFT, the SSI was almost zero but at larger WFT,
the SSI increased with the WFT at a gradually in-
creasing rate. Furthermore, it should be noted that
when the WFT increased to beyond 0.40 pum, the
majority of SSI results exceeded the 20% limit, above
which the concrete mix would be susceptible to seg-
regation. By conducting multi-variable regression

analysis, the correlation between SSI and WFT, PFT,
and MFT is studied. The best-fit curves so obtained
are plotted in the same figure, in which the formulas
of regression result are shown. A reasonably high R’
value of 0.901 is achieved, demonstrating that the
film thicknesses are key factors governing the SSI.

In order to reflect the individual effects of the
PFT and MFT, at a constant WFT of 0.40 um, the SSI
is plotted against the PFT for distinct values of MFT
using the regression formula obtained above, as
shown in Fig. 10b. The graph reveals that at the same
WFEFT, the SSI increased with the PFT at an approxi-
mately constant rate, indicating that the PFT has
negative effect on the cohesiveness. Such negative
effect might be explained by the higher water content
at larger PFT. On the other hand, the SSI decreased
slightly at larger MFT, indicating that the MFT has a
slight positive effect on the cohesiveness.
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Fig. 9 (a) Flow rate versus WFT; (b) Variations of flow
rate at WFT equal to 0.4 pm
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Fig. 10 (a) SSI versus WFT; (b) Variations of SSI at WFT
equal to 0.4 pm

7.4 Effects of film thicknesses on filling height

The filling height is plotted against the WFT in
Fig. 11a. The graph reveals that when the WFT was
smaller than 0.14 pum, the filling height was almost
zero but at larger WFT, the filling height increased
with the WFT at a diminishing rate. Nonetheless, at
WET exceeding 0.40 pum, the filling height became
independent on the WFT. In fact, when the WFT was
within the range from 0.3 pm to 0.6 um, the PFT and
MFT appeared to be a lot more influential on the
filling height compared to the WFT. By conducting
multi-variable regression analysis, the correlation
between filling height and WFT, PFT, and MFT is

studied. The best-fit curves so obtained are plotted in
the same figure, in which the formulas of regression
result are shown. A reasonably high R value of 0.824
is achieved, demonstrating that the film thicknesses
are key factors governing the filling height.

In order to reflect the individual effects of the
PFT and MFT, at a constant WFT of 0.40 pum, the
filling height is plotted against the PFT for distinct
values of MFT using the regression formula obtained
above, as shown in Fig. 11b. The graph reveals that at
the same WFT, the filling height increased with the
PFT up to a PFT value of 44 um and it ceased further
increasing. Besides, the filling height increased with
the MFT. Therefore, both the PFT and MFT have
positive effects on the passing ability. When the PFT
exceeded 44 um, the effect of MFT was a lot more
significant compared to the PFT.
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Fig. 11 (a) Filling height versus WFT; (b) Variations of
filling height at WFT equal to 0.4 pm
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8 Three-tier mix design method

From the experimental findings, it has been
clearly demonstrated that the governing factors af-
fecting the rheology of concrete are the WFT, PFT,
and MFT, in connection with which it is suggested to
revamp the design philosophy of HPC by a scientific
approach. On the basis of the packing and film
thickness theories, the authors advocate the devel-
opment of a new three-tier concrete mix design
method. That is, to design the concrete mix in three
tiers of increasing particle size range, firstly the paste
tier, secondly the mortar tier, and finally the concrete
mix tier, by adopting suitable values of film thick-
nesses. With incorporation of the redefined aggregate
classification presented earlier, the three tiers are
elaborated below:

(1) First tier (paste tier): cementitious materials
and powders (<75 pum in size) which form the powder
paste when mixed with water.

(2) Second tier (mortar tier): fine aggregate par-
ticles (<1.2 mm and >75 pm in size) which form the
mortar when mixed with the powder paste.

(3) Third tier (concrete mix tier): medium ag-
gregate particles (<5 mm and >1.2 mm in size) and
coarse aggregate particles (>5 mm in size) which
form the concrete when mixed with the mortar.

The mix design of each tier can be considered as
a stage in the mix design process of HPC. Basically,
the paste, mortar, and concrete phases are considered
and optimised successively, leading to the optimised
mix design of HPC. Fig. 12 illustrates the three-tier
mix design method. In carrying out mix design, ap-

propriate values of film thicknesses need to be chosen.

In this regard, the experimental results provide
guidelines to establish rational ranges for WFT, PFT,
and MFT.

On the role of WFT, it is the most important
factor governing the rheological properties of con-
crete. Regarding the flowability, at WFT<0.14 um,
the concrete would have no flowability and such
should be avoided; at WFT>0.14 um, the flow spread
would increase with the WFT at a diminishing rate
while the flow rate would increase with the WFT at an
increasing rate. Regarding the cohesiveness, the SSI
would increase with the WFT at an increasing rate
and when WFT>0.40 pum, the SSI could exceed 20%
and there would be high risk of segregation. Regard-
ing the passing ability, the filling height would in-

crease with the WFT at a diminishing rate up to a
WET of 0.40 pum, thereafter the filling height would
cease further increasing. To sum up, the WFT has
positive effects on the flow spread and flow rate,
negative effect on the cohesiveness, and positive
effect up to a WFT of 0.40 um on the passing ability.

1st (paste) tier

Water and
admixtures

r_ )
| Cementitious
materials

2nd (mortar) tier

—_——— — — — —

Fine aggregate
(particle size £1.2 mm)

3rd (concrete mix) tier
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(particle size >1.2 mm)

r—————= R If

Lo |

Fig. 12 Three-tier concrete mix design method

On the role of PFT, regarding the flowability, the
flow spread would increase with the PFT at a dimin-
ishing rate while the flow rate would increase linearly
with the PFT. Regarding the cohesiveness, the SSI
would increase with the PFT at an approximately
constant rate. Regarding the passing ability, the filling
height would increase with the PFT up to a PFT of
44 um, thereafter the filling height would cease fur-
ther increasing. To sum up, the PFT has positive ef-
fects on the flow spread and flow rate, negative effect
on the cohesiveness, and positive effect up to a PFT of
44 um on the passing ability.

On the role of MFT, the flow spread would not
change noticeably with the MFT while the flow rate
would decrease with increasing MFT. Regarding the
cohesiveness, the SSI would slightly decrease at
larger MFT. Regarding the passing ability, the filling
height would increase with the MFT. To sum up, the
MFT has minor effect on the flow spread, negative
effect on the flow rate, slight positive effect on the
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cohesiveness, and significant positive effect on the
passing ability.

The roles of film thicknesses should be duly
considered during the design of HPC. Firstly, for
WFT, there is a lower limit of approximately 0.14 um
for flowability concern and an upper limit of ap-

proximately 0.40 um for segregation stability concern.

Therefore, a suitable value of WFT should be within
the interval from 0.14 um to 0.40 um. The strength
requirement is also a major design criterion to be
satisfied. To start with, the highest W/CM ratio that
would meet the required strength is selected. The
WFT of cementitious materials paste may be calcu-
lated from the selected W/CM ratio, the packing

density, and surface area of the cementitious materials.

For conducting preliminary design, initially the WFT
of the powder paste may simply be set as the WFT of
the cementitious materials paste. If the calculated
WFT is smaller than 0.14 pum, the packing density of
cementitious materials shall be increased to bring the
WEFT upwards. To do so, the particle size distribution
of cementitious materials should be optimised, and
the addition of a fine-size cementitious material or
filler finer than cement to fill into the voids is advis-
able. If the calculated WFT is larger than 0.40 um, a
lower W/CM ratio should be used to bring the WFT
downwards.

Secondly, the PFT should be designed in ac-
cordance with the flowability and cohesiveness re-
quirements. From the experience gained by the au-
thors, it appeared that a PFT less than 20 um would
give a rather low flowability even if the WFT is in-
creased to as large as 0.40 um. On the other hand, a
PFT of greater than 60 wm might lead to the problem
of serious segregation. Hence, it is suggested to adopt
a PFT within the interval from 20 pm to 60 pm. To
meet the flow spread requirement, the PFT can be
determined from Fig. 8 using the calculated value of
WFT (the effect of MFT is relatively insignificant and
therefore may be neglected). To meet the flow rate
requirement, the PFT can be determined from Fig. 9
using the calculated value of WFT and an assumed
value of MFT (which will subsequently be consid-
ered). To ensure adequate cohesiveness of the con-
crete mix, the SSI should be checked using Fig. 10
based on the chosen values of WFT and PFT. If nec-
essary, the WFT should be reduced to improve the
cohesiveness, and the PFT should be redesigned with
respect to the updated value of WFT.

Thirdly, the MFT should be designed in ac-
cordance with the flow rate and filling height re-
quirements. As the MFT has negative effect on the
flow rate but positive effect on the filling height, the
MFT should be small enough to avoid impairing the
flow rate as far as possible, and at the same time suf-
ficiently large to satisfy the filling height requirement.
In concrete production practice, if the target HPC mix
needs to possess self-consolidating property, this
would impose a stringent requirement on the filling
height. In such case, the MFT should be set as 0.9 mm
or above, and the PFT should be taken as not less than
44 um, as per Fig. 11. If the target HPC mix does not
need to possess self-consolidating property but needs
to be pumpable, this would impose a stringent re-
quirement on the flow rate. In such case, the MFT
should be set a smaller value, and the PFT should be
determined from Fig. 9 with respect to the flow rate
requirement.

The preceding concrete mix design procedures
form currently an interim framework of the three-tier
mix design method. Further research is needed to
refine the design method and develop full details for
its implementation, which leads the path advancing
from concrete technology to concrete science (Kwan
and Fung, 2010; Kwan et al., 2010b). The procedures
for predicting the packing densities of solid particles,
evaluating the WFT, PFT, and MFT, and estimating
the rheological properties of concrete have been
computerized, and field testing of the computer pro-
gramme will be conducted to verify its applicability.

9 Concluding remarks

In the foregoing, the packing and film thickness
theories for the mix design of HPC have been pre-
sented. For accurate measurement of packing density
of concrete materials, the wet packing test had been
developed by the authors’ research team. From the
results of wet packing test, the WFT, PFT, and MFT
could be determined. As verified by an extensive
experimental investigation reported herein, the WFT,
PFT, and MFT are governing factors of the rheolog-
ical performance of concrete. To illustrate the above,
a series of concrete mixes with different combinations
of W/C ratio, CPV, and F/T ratio produced in labor-
atory and tested for their flowability, cohesiveness,
passing ability, and packing density have been pre-
sented. The experimental results have revealed
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significant correlation of the flow spread, flow rate,
SSI, and U-box filling height with the WFT, PFT, and
MFT. The various mix parameters influence the rhe-
ology of concrete through the corresponding changes
in the film thicknesses. Furthermore, in view of the
tendency of portion of aggregate particles <75 um to
intermix with the cementitious materials paste, and
the tendency of fine aggregate particles <1.2 mm to
stay with the paste, the authors advocate the redefini-
tion of aggregate classifications, where the fine ag-
gregate is redefined as having a particle size of
smaller than 1.2 mm, the coarse aggregate is rede-
fined as having a particle size of larger than 5 mm,
and a new class named medium aggregate is defined
as having a particle size of larger than 1.2 mm but
smaller than 5 mm.

The framework of the three-tier concrete mix
design method has been developed. The concrete mix
is designed in three stages, each focuses on one tier:
firstly the paste tier, secondly the mortar tier, and
finally the concrete mix tier. To facilitate the choice
of suitable values of WFT, PFT, and MFT for mix
optimisation in successive tiers, the roles of film
thicknesses have been established from the experi-
mental results. For the WFT, it has positive effects on
the flow spread and flow rate, negative effect on the
cohesiveness and positive effect up to a WFT of
0.40 um on the passing ability. For the PFT, it has
positive effects on the flow spread and flow rate,
negative effect on the cohesiveness, and positive
effect up to a PFT of 44 um on the passing ability. For
the MFT, it has minor effect on the flow spread,
negative effect on the flow rate, slight positive effect
on the cohesiveness, and significant positive effect on
the passing ability.

Based on the research findings, the authors
recommend that in carrying out mix design of HPC,
the WFT should be chosen within 0.14 um to 0.40 pm,
the PFT should be chosen within 20 um to 60 pum,
whereas the MFT should be chosen in accordance
with the flow rate and filling height requirements. If
the concrete needs to possess self-consolidating
property, the MFT should be set as 0.9 mm or above.
If the concrete needs to be pumpable, the MFT should
be set a smaller value. Apart from improvement in
rheological performance, the three-tier mix design
method would also lead to better sustainability per-
formance by more rational aggregate proportioning to
reduce the CPV in concrete. Finally, the procedures

for predicting the packing densities of solid particles,
evaluating the film thicknesses from the mix param-
eters, and estimating the rheological properties of
concrete have been computerized. Further research to
refine the three-tier mix design method and develop
full details for its implementation and the corre-
sponding computerization is needed. It is envisaged
that through continual research along this line, the
notion of HPC would be radically transformed to a
definitive science, with every performance attribute
able to be precisely designed for in the mix design
process.
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