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DISTINCTION BETWEEN POWDER AND SAND IN FRESH MORTAR
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In this study, a method based on the particle size distribution properties and
particle shape of sand is proposed for estimating the water-retaining and flow
factors of sand. These are properties which affect mortar fluidity. Then, by
investigating the action of powder and sand on mortar flow, a boundary particle
size between the two, and the influence of fine sand particles and coarse powder
particles on mortar flow, were investigated. From the results obtained, it
became clear that the boundary particle size was about 0.09mm. By regarding fine
sand particles of 0.09mm or less as powder and coarse powder particles of 0.09m
or more as sand, calculated values of relative flow area of mortar were equal to
experimental values.

Key Words: mortar, water-retaining factor, flow factor, boundary particle size

Yoshinobu EDAMATSU is a research engineer at the Cement/Concrete Research
Laboratory of Sumitomo Osaka Cement CO., LTD., Osaka, Japan. His research
interests include problems concerning mix design for self-compacting concrete.
He is a member of the JSCE.

Shozo YAMAGUCHI is a consulting engineer of Takemoto Oil & Fat CO., LID., Aichi,
Japan. He consults on chemical admixtures for concrete, especially precast
concrete products using self-compacting concrete. He is a member of the JSCE.

Hajime OKAMURA is a professor in the Department of Civil Engineering at the
University of Tokyo, Tokyo, Japan. For the past thirteen years he has studied
self-compacting high-performance concrete. He is a Fellow of the JSCE.

— 347 —



1. INTRODUCTION

It is well known that ingredient characteristics and mix proportions have an
influence on concrete fluidity. To establish a method of mix design for self-
compacting concrete, it is necessary to quantitatively evaluate the influence
these factors have on the fluidity of fresh concrete. The deformability of fresh
concrete is mainly affected by the deformability and mixture of the fresh mortar,
so to quantify this influence it is necessary only to formulate the deformation
of fresh mortar, namely, the mortar flow. Accordingly, we have formulated mortar
flow using the characteristics of the materials used. This made it clear that
the powder or sand properties which affect mortar fluidity could be
quantitatively represented by the water-retaining factor or flow factor [1].

Furthermore, so as to establish a more efficient method of powder and mix design
suitable for self-compacting concrete, we have proposed a method for estimating
the water-retaining factor and flow factor, which hitherto had been obtained
from paste flow tests in the absence of vibration [2]. This relies an knowing
the particle size distribution, particle shape, and hydration properties of the
cement [3].

Now, if the water-retaining factor and flow factor of the sand portion could
also be estimated from particle size distribution and particle shape, the
deformability of fresh mortar might conceivably be established without the need
for mortar flow tests. The characteristics of the sand content, such as particle
shape and particle size distribution, certainly have an influence on the
deformability of fresh mortar [4]. Therefore, it is not unreasonable to conceive
that the water-retaining factor and flow factor of sand can be estimated in a
manner similar to that used for the powder portion.

We have previously formulated mortar flow in tests using sand particles larger
than 0.15mm. The reason for this was that finer sand particles probably act as
powder in fresh mortar [5]. In order to extend the evaluation method to cover
any sand containing fine particles of 0.15mm or less, it is necessary to
quantitatively evaluate the influence of fine particles on the deformability of
fresh mortar. Occasionally, the powder may also contain particles of up to
around 0.15mm, depending on the type powder, so it is also necessary to evaluate
the influence of coarser powder particles.

In this study, methods of estimating the water-retaining factor and flow factor
of powder are applied to sand, and their validity is investigated. Then, from
the definitions of the effects of powder and sand on mortar flow, the particle
size representing the boundary between the two and the influence each on mortar
flow are clarified.

Note that this study deals with general sands- and powders, so sand with

particular characteristics, such as light- or heavy-weight sand, and powders
with particularly tiny particles, such as silica-fume, are not covered.

2. CHARACTERISTICS OF SAND AND POWDERS

Fuji river sand fine aggregate (Fuji river2), mountain sand fine aggregate from
Kisarazu (Kisarazu?), and Soma silica sand fine aggregate were used. The
characteristics of each sand are given in Table 1 and Figs.l and 2. Typical
photographs showing the particle shape of each sand are shown in Photos.1, 2,
and 3. Incidentally, in this study, the surface dryness condition of the sand
was defined as that after applying a centrifugal force of 1000G for 20 minutes.
The sand was dehydrated by the centrifugal method referred to in JIS (Japanese



Table 1 Properties of sand

Type fie ?olid*) bsorption Percentage of residual weight sievg %) .
gravity V°(‘;/’°’)‘e W) 5mm| 25 | 1.2 | 06 | 03 | 015 | 0.09 | 0.063 )
Fuji riverl 2.58 61.0 2.26 0 10 36 71 93 100 100 100 3.10
Fuji river2 2.58 61.0 2.71 0 9 34 67 87 940 | 964 | 974 | 291
Kisarazul 2.58 69.1 241 0 15 34 55 84 100 100 100 2.88
Kisarazu2 2.58 69.1 2.63 0 14 31 | 51 77 920 | 954 | 965 | 265
Somal 2.56 62.9 1.48 0 0 35 51 87 100 100 100 2.73
Soma2 2.55 62.9 1.84 0 0 26 37 62 745 | 858 | 938 1.99
*) Particles of 0.15mm or less were excluded
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of sand of sand

Industrial Standard) A 1802 " Methods of Test for Production Control of Concrete
(Method of Test for Surface Moisture in Fine Aggregate by Centrifugal Force)".
Fuji riverl and Kisarazul, which are shown in Table 1 and Fig.2, were sieved
Fuji river2 and Kisarazu2 respectively so as to make 0.15mm of the minimum
particle size. The Soma silica sand was of two types, Somal and Soma2. Scamal
comprised only coarse particles of 0.15mm or more. Soma2 comprised Somal plus
fine particles of 0.15mm or less. The fine particles amounted to 26% as a
volumetric ratio of the Scmal content. The particle size distribution of Soma2
particles of 0.15mm or more was approximately equal to that of Scmal.

Kisarazu?2 contains more coarse particles of 2500 ym or more and more fine
particles of 600 ym or less than Fuji river2. Somal and Soma2 contain no coarse
particle of 2500 ym or more. Thus the particle size distribution of Somal is
narrower than that of the other sands. The peaks of Samal occur at about 500 and
2000 pgm. This is because Scmal is a blend of three kinds of silica sand, No.3,
No.4, and No.5, which are of different particle sizes.

Kisarazul sand particles are rounded. Scmal contains hardly any flat particles.
Scmal sand particles are regular. Fuji riverl sand particles are angular. Fuji
riverl contains many flat particles.

‘Moderate heat Portland cement (MC), limestone powder (LS), blast-furnace slag
powder (BS), and fly ash (FA) were used in the mortars. These powders are used
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Phot.1 Fuji riverl Phot.2 Kisarazul Phot.3 Somal
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Phot.4 MC Phot.5 BS Phot.6 FA Phot.7 IS

Table 2 Properties of powders

Fineness 30

Type Specific gravity (cmZg)
MC 3.20 3110
BS
LS
FA

2.89 4370
2.69 4660
2.33 3440

to produce self-compacting concrete.
Their properties are summarized in Table
2 and their particle size distributions
are shown in Fig.3. Typical photographs 5
showing particle shape, as taken with an

SEM, are given in Photos.4, 5, 6, and 7. 0 S d o 2 -
0.01 0.1 1 10 100 1000
The peak of MC occurs at about 30 u m. Particle size (x m)

The gradient in the direction of smaller

particle size is gentle, but the Fig.3 Particle size distribution
distribution falls away rapidly above of powder

the peak. There are hardly any particles

coarser than 100 ym nor particles finer

than 0.1lum. The distribution of BS is similar to that of MC, with only one peak.
There are no coarse particles above 100pum, though there are more fine particles
of 0.1 um or less. The form of the FA distribution is also similar. The peak,
however, is higher than that of the cement, at about 55um. FA contains a lot of
coarse particles above 100 zm. The distribution of LS is very different and has
two peaks. LS contains a lot of coarse particles above 100um, scmewhat like FA.

Distribution value (%)

AR R R EE R R Y R R R R R R R )

MC and LS particles are extremely uneven polyhedrons, and their surfaces are not
very angular. BS particles are more angular and sharper than those of other
powders, and their surface is irregular but smooth. FA includes many globular
particles.
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3. BASIC EQUATION OF MORTAR FLOW ‘
Vw/Vp

Relative mortar flow area (Eq.(l)) is given by the
basic equation Eg.(2), and for a particular powder Em
is determined by the volumetric water-powder ratio,
the volumetric ratio of sand in the mortar, and
the water-retaining factor and flow factor
representing sand properties (Fig.4) [1]. The

value of mortar flow (Eg.(1l)) in the absence of Bm
vibration was measured according to “An
experimental method of quality control of cement 0 r B
on fresh mortar properties in high-performance m
concrete (proposal) [2]”. Fig.4 Basic equation of
‘ mortar flow
2 (Vs: constant)
=(E‘E) -1 (1)
100
YW _ Em-TCm+ fm (2)
Vp
Em=(Ep+Esﬁ)i (3)
Vp/ 1-Vs (1+ fs)
ﬁmzﬂp(l—Vs)+ﬂs-Vs (4)

1-Vs(1+f5s)

Where I'm is the relative flow area of the mortar, Fm is the value of the mortar
flow (mm) in the absence of vibration, Bm is the water-retaining factor of the
mortar, Em is the flow factor of the mortar, Vw is the volumetric ratio of water
in the mortar, Vp is the volumetric ratio of powder in the mortar, Vs is the
volumetric ratio of sand in the mortar, Bp is the water-retaining factor of the
powder, Ep is the flow factor of the powder, Bs is the water-retaining factor of
the sand, and Es is the flow factor of the sand.

The water-retaining factor and flow factor of the sand, which are formulated as
a function of the volumetric ratio of sand in the mortar (Vs), are given by
Eg. (5) and Eq.(8).

Bs=pPs0+ fsv (5)
Bsv=A. Vs(1+ S5p) _ Vsi(1+ Sp) 1 (6)
1+ Vs (Bp-Fsv) 1+ Vsi(Bp-SBs0)
Vsi= 78t (7)
1+ Bp-rsi(Bp- Bs0)
Es=EsO+Esv (8)
Esv:B[ 1! ) (9)
Vsr—Vs  Vsr— Vsi

Where B s0 is the absolute water-retaining factor of the sand, B sv is the
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Fig.5 Relationship between wvolumetric
ratio of powder or sand and
water-retaining factor

apparent water-retaining factor
resulting from interactions of sand

Fig.6 Relationship between volumetric
ratio of powder or sand and flow
factor

Table 3 Material constants relating to
water-retaining factor

particles, Vsi is the volumetric ratio (Eq.(5)) and flow factor
at the start of sand particle (Eq. (8))

interaction, vy si is the volumetric Type | B0] vsi| Ve | A | 0| Ver | B

ratio of sand to solid particles at the Somal | 015 053 034 | 16 [0.0401 060 [0.003
start of sand particle interaction, A S loml =1 =1 — loool = | =

is a constant, EsO is the absolute flow
factor of the sand, Esv is the apparent
flow factor resulting from sand particle interaction,
volumetric ratio of sand, and B is a constant.

Vsr is the limit

4. DEFINITION OF POWDER AND SAND

The difference between the effect of powder and sand on mortar flow is defined
here. As shown in Fig.5 and Fig.6, while the water-retaining factor and flow
factor of LS are constant regardless of its volume, the values for Somal
increase with volume beyond a certain limit. The absolute water-retaining factor
and absolute flow factor of LS are bigger than those of Somal. Therefore, a
powder was defined as a material for which the water-retaining factor and flow
factor are constant regardless of volume. On the other hand, sand was defined as
a material for which these factors are affected by volume.

Incidentally, the water-retaining factor of a powder is a volumetric ratio of
the water retained by the powder to the oven dryness volume of the powder, while
that of sand is the volumetric ratio of the water retained by the sand to the
surface dryness volume of the sand. If the water-retaining factor of sand is
regarded as a volumetric ratio to its oven dryness volume, the difference
between the two becomes small.

The experimental values of the water-retaining factor and flow factor of 1S
shown in Fig.5 and Fig.6 are calculated by regarding LS as sand in the paste
flow test with a blended powder of MC and LS. Incidentally, the experimental
values for LS when the powder volumetric ratio is a maximm in these figures
were cbtained by a paste flow test with LS alone. In this case, the volumetric
ratio of LS in the paste became limit.

5. ESTIMATE OF WATER-RETATNING FACTOR OF SAND

The water-retaining factor of a particular type of powder is proportional to
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Fig.7 Relationship between Vs and Fig.8 Relationship between calculated
water-retaining factor of sand

with MC I'm and experimental I'm with MC
characteristic values of the powder Table 4 ertgq:ial . constintf
particle size distribution (Eq.(10)) [3]. rgtgi;rilgg foa Ctgi eg p
Here, these characteristics are obtained by

4 ; - ) sand (Eq. (5)) with MC
multiplying the particle size factor - i

(Eq. (12)) by the distribution factor Type BsO | vsi | Vs A
(Eq. (14)), which is the square root of the Fl.lenverl 0.15 0.60 0.40 22
relative height of the distribution. The | Kisarazul | 012 | 063 | 044 18
constant of proportionality in Eq. (10) Somal 015 | 053 | o4 16
represents the particle shape and the

powder’s degree of activation, and is defined as the shape factor. This may also
apply to the water-retaining factor of sand. Because sand does not hydrate, the
absolute water-retaining factor might conceivably be decided by the
characteristics of particle size distribution and particle shape.

fSp=SFPF-HF (10)

S50 = SF. PF-HF (11)

PF = [ p(x)- pf, (x)dx (12)
pf,()=165-05Log(x) (Pfo(x)20) (13)

- _
=JH= ﬂ 14
HF=VH 03 (14)

Where PF is the particle size factor, SF is the shape factor, HF is the
distribution factor, H is the relative value of the distribution’s maximm
height, pfO{x) is the standard particle size factor, p(x) is the particle size
distribution curve, x is the particle size (um), and h is the maximm value of
the particle size distribution.

Figure 7 shows the relationship between Vs and the water-retaining factor of
each sand with MC. The solid lines in Fig.7 represent Eq.(5). The material
constants of Eq.(5) are given in Table 4. Incidentally, these material constants
were chosen to give best agreement between experimental values of the relative
flow area of the mortar (I'm) and values calculated using Eq. (2) (Fig.8). As
shown in Table 4, the absolute water-retaining factor of Somal is equal to that
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Table 5 Characteristics of sands Table 6 Shape factor of sands and

powders [3]
Type PF h H Bs0
Fuji riverl 0.17 0.34 1.12 0.15 Type Shape factor
Kisarazul 0.21 0.27 0.91 0.12 Fuji riverl 0.86
Somal 021 0.33 111 015 Kisarazul 061
Somal 0.69
of Fuji riverl. The absolute water— ﬁg; 8'?
retaining factor of Kisarazul is MG McS 0
smaller than both. Such differences Mol 0.5
c.iepend_?ng on sand characteristics are NCE 050
investigated below. BS 091
LS 0.84
The characteristics of particle size FA 061
distribution were calculated from the
characteristic values given in Table 5,
and then the shape factor was obtained o 300 “w @ :Sonal
by substituting these values into 82 50| R R rivert
Eq. (11). Incidentally, SF, PF, and HF 83 ,
into Eq. (10) and Eq. (11), which are not el ) Fuii rivert
affected by the type of powder and sand, 55150 F "N ‘
are decided by the particle size  Fg | ™ Q. / Kisarazul
distribution, the particle shape and so o N A /
on. §"§ 50 | Al
E @ 0 1 1 ! 1 1 e )
As shown in Table 6, the shape factor 0 01 02 03 04 05 0.6 0.7 0.8
of Fuji riverl is equal to that of BS. Vs
The shape factor of Kisarazu 1 is equal Fig.9 Relationship between Vs and
to that of FA. The shape factor of average distance between sand
Somal is a value midway between that of particles

FA and LS. Fuji riverl (Phot.l) and BS.

(Phot.5) have similar angular particle

shapes. Kisarazul (Phot.2) and FA (Phot.6) are rounded. But FA is more rounded.
Thus, the shape factors of Fuji riverl and BS are conceivable similar, and also
those of Kisarazul and FA are similar. Scmal (Phot.3) is not as rounded as FA
(Phot.6), and is not as uneven as LS (Phot.7). Thus, the shape factor of Scmal
is conceivably value between that of FA and LS. Therefore, if the shape factor
of sand can be obtained appropriately, the absolute water-retaining factor of
sand can be estimated using Eq. (11).

Next, differences in volumetric ratio at the start of interaction of sand
particles (Vsi, Table 4) are investigated as follows. Vsi represents the
volumetric ratio at the start of interaction of sand particles owe to contact or
meshing. For a given paste quality in the mortar, the probability of contact
among sand particles is considered determined by the separation between
particles. Thus, because contact probability increases as the distance between
sand particles falls, Vsi might conceivably decrease with separation.

Figure 9 shows the relationship between Vsi and the average distance between
sand particles. Here, the average separation was calculated using Eq. (15).
Incidentally, the average separation was defined as follow [6][7]. There is
certain particle of any shape and of average diameter d in a unit volume. Then
without a change in arrangement or particle shape of the particle, the particle
diameter (dl1 in an average diameter) is increased until the contact between
particles. The average distance is the remainder between dl and d. Incidentally,
the average sand particle diameter is defined a particle size when the
cumilative value of the particle size distribution grew 50%. The average
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particle diameter of’ FLljl riverl is 913 ym, of
Kisarazul 714um, and of Somal 630pum.

t=[(& 3_1}.‘1 (15)
100V .

Where t 1is the average distance between sand , L_,l ]
. . . . Distance between sand particles
particles, d is the average sand particle diameter, C sufficiently great)

Slim is the solid volume of sand, and Vs is the
volumetric ratio of sand in the mortar. Sand
For a given powder, the reason for sand particles
being in contact is explained as follows. As shown
in Fig.10, when the distance between sand particles Sand - Sand
is sufficiently great, many powder particles are
present between sand particles. Even if some of
these particles move out of position in Fig.10, the

contact probability among sand particles is very Distance between sand particles
(less than maximum particle
small because there are plenty of other powder diameter of powder)

particles between the sand particles. Thus the Fig.10 Ar N £
separation decreases gradually, and when it reaches g. agt?lilgleg‘sn (ijn
the maximum powder particle diameter, the contact ?resh mortar
probability of there being only one powder particle

between sand particles increases. Here, if that one

powder particle moves from its position, the sand particles come into contact.
When the separation decreases yet more, the contact probability also increases.
Thus, the contact prcbability among sand particles can be considered related to
the average separation between the particles.

As shown in Fig.9, over a large range of average separation (more than 150 ym),
the Vs of Somal is the smallest and that of Fuji riverl is the biggest. Average
separation of this range is sufficiently greater than the maximum particle
diameter of MC (about 85 um ). Therefore the ‘water-retaining factor of sand
might conceivably become constant because the contact probability among sand
particles is very low. When the average separation is less than 150 ym, the
comparison with Vs at the same average separation is equal to that of Vsi. When
MC is used, the apparent water-retaining factor by sand particle interaction
might conceivably increase because the contact probability among sand particles
rises at average separation of less than 150 pm. The symbols in Fig.9 mean the
average separation at each Vsi. These average separation are about 130 ym. Thus
the Vsi of various sands can be considered by the relationship between Vs and
average separation.

The constant A, which represents the degree of interaction once interaction
between sand particles begins, relates to an average ratio of powder to sand
separation [8]. Thus, if an identical powder is used, the constant A increases
with average separation between sand particles.

Figure 11 shows the relationship between Vs and the water-retaining factor of
Samal with various powders. The absolute water-retaining factor is constant
regardless of the type of powder, but the material constants of the water—
retaining factor are different (Table 7). This difference is discussed below in
terms of powder characteristics. Incidentally, these material constants were

chosen to give best agreement between the experimental I'm and the calculated T'm
using Eq. (2) (Fig.12).
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Vsi is related to the average separation
between sand particles and the powder Table 7 Material constants relatlng

particle diameter. Assume a particular to water-retaining factor
sand. Then, Vsi is determined by the of sand (Eq.(5)) with Samal
powder particle diameter. The average - o =
particle separation of the powders shown 11\344(); B0 07 ; 0; 18
in Fig.1ll are MC:18yum; BS:6pum; IS:7um; BS 0:66 0:46 2:6
and FA:21 p m. The average particle IS 0.15 051 0% 15
diameter of BS is the smallest, so Vsi is FA 0.56 042 )

greatest with BS. On the other hand,
though the average particle diameter of
1S is smaller than that of MC, it is equal to that of BS. However, with IS the
Vsi value is smaller than with BS. The reason for this is that 1S has a large
proportion of coarse particles of 100um or more, as shown in Fig.3. Though the
average particle diameter of FA is the largest, its Vsi is larger than that of
MC and LS. The reason for this is that the interaction of sand particles
decreases owing to the globular shape of the particles in FA.

As mentioned above, Vsi is considered to be influenced not only by the average
particle diameter of the powder but also by the powder particle shape and
particle size distribution. In the case of powders with an equivalent average
particle dlameter, a powder J_ncludlng many coarse particles (i.e. with a wide
particle size distribution) gives a lower Vsi.

6. ESTIMATE OF FT.OW FACTOR OF SAND

The flow factor is proportional to the product of particle size factor and shape
factor (Eq.(16)). Assuming the proportionality constant to be invariant, the
constant term represents the surface state of the particles [3]. The following
equation Eq. (16) applies to the flow factor of sand.

Ep=C-PF-SF+D (16)
Es0=C-PF-SF+D (17)

Where C is a fixed number (in this study, 0.24), and D is an index representing
the state of the particle surface. (D is smaller for a smoother surface.)

Figure 13 shows the relationship between Vs and the flow factor of each sand
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0.16

. Table 8 Material constants relating

©:Somal - to flow factor of sand
'g 0.14 - A:Fuji riveril (Eq ( ) ) Wlth MC oo
S o.12 B:Kisarazul
So10f TE® Somal E b = AL 2
. . . Fuji riverl 0.035 0.40 0.001
go.osr \ . [ Kisaresul | 0087 | 044 | 0005
SO0 o Kisarazul® - _Somal | 0040 0.34 0.003
£ 0.04 ,
uw 0,02 Fuji riverl ‘Table 9 leed number D representing
.00 ] 1 | ! 1 | particle surface state of
00 01 02 03 04 05 06 0.7 ; . sand and powder [3]
Vs
Type D
Fig.13 Relationship between Vs and flow __Fujiniverl 0.001
factor of sand with MC Kisarazul 0.007
Somal 0.006
with MC. The solid lines in Fig.13 represent ___MC '
Eq. (8). The flow factor increases rapidly when Vs LS -0.13
is larger than 0.50. The reason for this is an _ FA i
increase in interactions between sand particles - BS -0.18

when Vs approaches the limit volumetric ratio of

the sand (Vsr). In this study, Vsr is 95% of the unit solid volume of the sand.
When Vs is equal to Vsr, the flow factor becomes infinite. The material
constants in Eq.(8) are shown in Table 8. These material constants were chosen
to give best agreement between the experimental I'm and the calculated I'm using
Eq. (2) (Fig.8). BAs shown in Table 8, the absolute flow factor depends on the
sand used. This variation with sand characteristics is investigated below.

The index D representing the state of the particle surface was obtained by
substituting the particle size factor, the shape factor (Table 6), and the
absolute flow factor of each sand into Eq.(17). The proportional constant was
0.24,as with the powder. Note that indexes C and D, which are not affected by
the type of powder and sand, in Eq. (16) and Eg.{l17) are determined by the state
of the particle surface and so on. As shown in Table 9, the D value of each sand
is positive. For powders, however, it is negative value. The reason for this is
that the particle size factor is calculated for particles of 2000 um or less.
Thus, interactions between coarser sand particles are not included in the
particle size factor. The D index of sand is larger than that of powder owing to
interactions between coarse sand particles. As mentioned above, the value of D
for sand indicates not only the particle surface state but also the interaction
of coarse sand particles. Therefore, if an appropriate value of D can be
obtained, then the absolute flow factor can be calculated using Eqg. (17).

Values of Vsi shown in Table 8 and Vsr are different depending on the sand used.
Vsi, which represents the volumetric ratio of sand at the start of flow factor,
is affected by the contact probability among sand particles. Thus, as a water-
retaining factor, Vsi is determined by the average distance between sand
particles, the average diameter of the powder, and the form of the particle size
distribution. Vsr is rather smaller than a solid volume percentage of sand (in
this study, 0.95 times as large as the solid wvolume percentage). Because the
mortar when Vs is equal to Vsr can not be deformed, the apparent flow factor
becomes infinite at Vsr.

Figure 14 shows the relationship between Vs and the flow factor of Somal with
various powders. The absolute flow factor, which is a sand characteristic, is
-constant regardless of the type of powder. However, the absolute flow factor of
FA is smaller than that of the other powders. Material constants of the flow
factor are also different depending on the powder used (Table 10). These
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Fig.1l4 Relationship between Vs and flow
factor of sand with Somal

Table 10 Material constants relating

to flow factor of sand
(Eq. (8)) with Somal

Type Es0 Vsi B

MC 0.34 0.003

BS 0.040 0.46 0.002

LS 0.36 0.002

FA 0.035 - -

material constants were chosen to give
best agreement between the experimental
I'm and the calculated I'm using Eq. (2)
(Fig.12).

When FA is used, the contact friction
between FA particles and sand particles
is conceivably lower than that of other
powders because of the globular shape of
FA. In this study, the flow factor of
each powder is held constant. Thus, if
the deformability of fresh mortar is
improved by a decrease in the contact
friction between powder and sand, the
absolute flow factor of sand becomes
smaller. This is considered to be the
cause of the decrease in the absolute
flow factor with FA.

Vsi and Vsr for each powder are different
depending on the powder used. Except for
FA, the effect on flow factor is the same
as that on the water-retaining factor.
When FA is used, Vsi was not identified
in the range of experimental Vs. However,
it 1is assumed that Vsi for the flow
factor is larger than that for the water-
retaining factor. This is considered to
be caused by the influence of FA particle
shape.
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Table 11 Material constants relating to

water-retaining factor of T~ sand
E4l {(Eq. (5))
-
w3} Type BsO | vysi Vsi A
£ Fuji river(=0.15mm) | 015 | 060 | 040 | 22
Eaf 8;3?'.:;?@0_15 o) Fuji river2 017 | 061 | 041 [ 20
8 2!;:1: :;\vlzﬁ(zo 15em) Kisarazul(=0.15mm) 012 | 063 | 044 18
s B Kisarazu2 _ | Kisarazu2 015 | 067 | 047 | 21
U:Kisarazul (0. 15m) Somal (Z0.15mm) 015 | 053 | 034 | 16
0 t . Soma2 031 | 067 | 044 | 18

0 1 2 3 4 5
Calculated m . .
Table 12 Material constants relating to flow

Fig.18  Relationship  between factor of sand (Eq. (8))
calculated I'm by Eqg. (2) Type EsO | Vs | Ver B
and experimental T m Fuji river1(Z0.15mm) | 0.035 | 040 | 0.59 | 0.001
with MC Fuji river2 0.035 | 041 | 060 | 0.001
Kisarazul(=0.15mm) | 0.037 | 044 | 066 | 0.005
7. INFLUENCE OF FINE SAND ON WATER- Risarazu? 0037 | 047 | 064 | 0.003
RETAINING FACTOR AND FLOW FACTOR Somal(=0.15mm) 0040 | 034 | 060 | 0.003
Soma2 0.033 | 0.44 062 | 0.002
7.1 Influence on water-retaining
factor of sand Table 13 Characteristics of sands
The relationship between Vs and the Flow Flow factor
water-retaining factor of each sand, Type fathr E’q’.f,zlme“tal PR SF 1 D
as calculated from I'm with MC and Tois Eq.17) e
with  Soma? Ruji  river2, and 1.1]1nver1 0.042 0.035 020 | 0.86 | 0.001
X ! . X Kisarazul 0.044 0.037 0.25 | 061 | 0.007
Kisarazu?, is shown in Figs.15, 16, Somal 0.057 0.033 0311069 1 0.006

and 17. The water-retaining factors
of particles of 0.15mm or more are
also shown. Material constants of the water-retaining factor are shown in Table
11. These material constants were chosen to give best agreement between the
experimental I'm and the calculated I'm using Eq. (2) as shown in Fig.18.

In all cases, the absolute water-retaining factor and Vsi increase when fine
sand particles of 0.15mm or less are included in the sand. Because the fine sand
particles are as small as powder particles, the absolute water-retaining factor
of fine sand is larger than that of particles above 0.15mm. Therefore, when the
fine sand, which has a large value of absolute water-retaining factor, is added
to sand above 0.15mm, the absolute water-retaining factor of the sand as a whole
becomes large. The reason for the increase in Vsi is that the fine sand acts as
powder in the fresh mortar. The water-retaining factor of the powder is constant
regardless of its volume. With Soma silica sand, the degree of the increase in
absolute water-retaining factor and Vsi as a result of adding fine sand is
larger than that with the other sands. The reason for this is that the fine sand
ratio of Soma silica sand is larger than that of the others.

7.2 Influence on flow factor of sand

The relationship between Vs and the flow factor of each sand, as calculated from
I'm with MC and with Soma2, Fuji river2, or Kisarazu2, is shown in Figs.19, 20,
and 21. The flow factors of particles above 0.15mm in these sands are also shown.
Material constants of the flow factors are shown in Table 12. These material
constants were chosen to give best agreement between the experimental I'm and the
calculated I'm using Eq. (2) as shown in Fig.18.
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Fig.19 Relationship between Vs and flow Fig.20 Relationship between Vs and
factor of sand with Scma silica flow factor of sand with Fuji
sand, with MC river sand, with MC
In all cases, when fine sand particles 0.16 " @.Kicarazu2
of 0.15mm or less are included among the 2 0.14} O:Kisarazul (20. 15mm)
sand, Vsi increases. The reason for this 3012 —.Eq®
is that the fine sand acts as powder in  %o.10} ) .
the fresh mortar. While the absolute  5o.os| Kisarazut (20. 15m)
flow factors of Fuji river2 and 8006
Kisarazu2 are equal to their respective = 0.04 L e
absolute flow factors of particles above 2, | o e¥ _
s . M N 3 Kisarazu2
0.15mm in spite of the fine sand ratio, 0.00 | . \ . , \
that of Scmal decreases with an increase ""0.0 01 02 03 04 05 06 07
in the fine sand ratio. Vs
Fig.21 Relationship between Vs and
The absolute flow factor calculated by — 0 " Tlow  focter of = sand. with
Eq. (17) is larger than the experimental mountain sand in Kisarazu,
value shown in Table 13 in all cases. with MC

This is clear in the case of Soma silica

sand. This also indicates that the fine

sand acts as powder in the fresh mortar. In this case, the experimental flow
factor of the sand was calculated using the flow factor of MC alone. When a
blend consisting of the fine sand particles and MC is regarded as the powder,
the flow factor of the blended material is smaller than that of MC. The reason
for this is that the particle diameter is smaller than that of MC, and the index
D representing the state of the particle surface is small because it does not
hydrate. The reason for the absolute flow factor of the sand including fine sand
being smaller than the value calculated by Eq.(17) is that the flow factor of
the MC, which is larger than that of the fine sand being treated as powder, is
used in obtaining the experimental flow factor. The reason for the large
decrease in absolute flow factor of Soma silica sand is that its fine sand ratio
is larger than that of the other sands.

7.3 Handling of fine sand

In the previous sections, it was clarified that fine sand particles of 0.15mm or
less increase the absolute water-retaining factor and Vsi of sand, causing the
absolute flow factor to apparently decrease. The reason for this is that fine
sand acts as powder in the fresh mortar. Therefore, it is appropriate to treat
fine sand as a powder like cement in considering mortar flow. Thus, it is
important that the boundary particle size at which the treatment switches
between powder and sand needs to be clarified. This boundary particle size will
be determined by comparing the relationship between the volumetric coarse sand
ratio in the mortar (Vsc) and the water-retaining factor, the flow factor.
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The boundary between fine sand and coarse sand is distinguished for Soma2. The

boundary particle size was treated as a parameter,

0.09mm, and 0.15mm tried. Fine particles

(the fine sand)

with values of 0.063mm,
smaller than these

boundary sizes were regarded as powder. The relationship between Vsc and coarse
sand water-retaining factor, where coarse sand is the sand larger than the
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Table 14 Material constants relating to water-retaining factor (Eq.(5)) and flow
factor (Eqg.(8)) of coarse sand

Boundary particle size BsO ysi Vsi A EsO Vsr B
0.15mm 0.15 0.29 0.17 0.9 0.036 0.60 0.017
0.09mm 0.18 0.44 0.27 1.2 0.038 0.60 0.003
0.063mm 0.28 0.60 0.38 15 0.030 0.60 0.003

Table 15 B s0 calculated by (Eq.(11)) and EsO calculated by (Eq.(17)) for fine
sand and coarse sand

Type Boundary particle size Bs0 Eso PF SF HF
0.15mm 0.66 -0.022 0.66 1.0 1.0
Fine sand 0.09mm 0.76 0.002 0.76 1.0 1.0
- 0.063mm 0.89 0.034 0.89 1.0 1.0
0.15mm 0.15 0.036 0.22 0.69 1.02
Coarse sand 0.09mm 0.18 0.045 0.27 0.69 0.95
0.063mm 0.19 0.051 0.31 0.69 091
Omm(all) 021 0.057 0.35 0.69 0.88
boundary size, is_ shown 1n Eigs.22, 23, Table 16 Ratio of fine sand
and 24, respectively. Similarly, the .
relationship between Vsc al}d the fl<_3w Fine sand ratio %)
fgctor of the coarse sand is shown in Type <0.063mm | <0.09mm =0.15mm
Figs.25, 26, and 27. Fuji river? 26 37 60
Incidentally, the reason for setting K]Ss:na:zu‘q g:g 1‘262 285'%

the minimm boundary particle size at
0.063mm was that the maximum particle
diameter of a fine powder, such as BS, is approximately this diameter. The
0.15mm test was that this size was equal to the minimum size in a sieve analysis
test of aggregate. The boundary size 0.09mm was set between the two.

The material constants shown in Table 14 were chosen to give best agreement
between the experimental I'm and the calculated I'm using Eq. (18) as shown in
Fig.18. The solid lines in these figures are now described. Equation (18) was
changed to Eq. (2) by considering the influence of fine sand. The absolute water-
retaining factor and absolute flow factor for the fine sand were calculated
using Eq. (11) and Eqg. (17) based on the sand particle size distribution below the
boundary particle size (Table 15). These are described in these figures as
dotted lines. In these calculations, the shape factor and the distribution
factor were set to 1.

YW _Em (18)
Vp+ Vst EmI'm+f m
Em:[EpSf+ESC- Vsc ) 1-Vsc (19)
Vp+ Vsf/ 1- Vsc- (1+ 8 sc)
Bm= Bpsf-(1-Vsc) + Bsc- Vsc (20)
1-Vsc:(1+ fBsc)
Bpsf = Bp+(Bst 0~ Bp)-y st (21)
Epsf = Ep+ (Esf0—Ep) -y sf (22)
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7sf=& (23) 6 -Bounkfyopgg;icle size
e S
P N mm

Where Vsf is the- volumetric ratio of 7,34 el
fine sand in the mortar (Vsf = Vs- k s3f
sf/ (1+Q)), Vsc is the volumetric ratio ol (=g
of coarse sand in the mortar (Vsc= Vs— 3
Vst (1+Q)), Q is the absorption of sand Wik
(volumetric ratio), B sc is the water- o &
retaining factor of coarse sand, Esc is 0 1 2 3 4 5 §
the flow factor of coarse sand, Bpsf is Calculated m

the water-retaining factor of the blend . . .
of fine sand and powder [3], Epsf is Fig.28 Relationship between calculated

the flow factor of the blend of fine I'm by Eq. (18) and experimental
sand and powder [3], B sf0 is the I'm (with calculated B s0 and
absolute water-retaining factor of fine calculated EsO )

sand, Esf0 is the absolute flow factor
of fine sand, and ysf is the volumetric
ratio of fine sand to powder.

The fine sand ratios are shown in Table 16 for each boundary particle size.
These ratio were obtained by measuring the particles of 0.15mm or less with a
laser-diffraction measuring instrument which measures scatter (Cilasl064 by
Cilas company). Methanol was used to disperse the powders, and dispersion was
ensured by applying ultrasonic waves for 60 seconds before measurements.

At the boundary particle size of 0.063mm (Figs.22 and 25), the absolute water-
retaining factor of the coarse sand (the straight solid line shown in Fig.22) is
larger than the absolute water-retaining factor (the dotted line) calculated by
Eqg. (11) . The absolute flow factor of the coarse sand (the straight solid line in
Fig.25) is smaller than the absolute flow factor (the dotted line) calculated by
Eq. (17). Vsi is larger than that of Somal (Vsi=0.34) which does not contain fine
sand. This shows that powder is included among the coarse sand above 0.063nm.

At the boundary particle sizes of 0.09mm (Figs.23 and 26) and 0.15mm (Figs.24
and 27), the absolute water-retaining factor and absolute flow factor of the
coarse sand in both cases (the straight solid lines shown in Figs.23 and 26) are
approximately equal to the calculated values (the dotted lines). Vsi is smaller
than that of Somal in both cases. At the boundary particle size of 0.15mm, Vsi
is very small. Vsi decreases with an increase in coarse particles in the powder.
When the sand includes fine particles, the coarse particle content of the powder
increases, so Vsi is considered to become smaller than that of Somal, which
includes no particles of 0.15mm or less, in any boundary particle size. The
constant B related to flow factor is 0.003 with Scmal, while it changes 0.017 at
the boundary particle size of 0.15mm. This constant represents the rate of
increase in flow factor after it being to increase. Therefore, the degree of
contact and meshing among sand particles may conceivably increase with B. For
the same sand, it is conceivable that the constant B is invariant. At the
boundary particle size of 0.15mm, the reason for the constant B being large is
conceivably that particles which should be regarded as sand are included among
the fine sand of 0.15mm or less.

Using the water-retaining factor calculated by Eq.(11) and the flow factor
calculated by Eq.(17), I'm was calculated using Eq.(17) with the material
constants shown in Table 14 (at the boundary particle size of 0.15m, B=0.003).
Figure 28 shows the relationship between calculated I'm and experimental I'm. At
the boundary particle size of 0.09mm, the calculated I'm is approximately equal
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Table 17 B s0 calculated by (Eq.(11l)) and EsO calculated by (Eq.(17)) for fine
sand and coarse sand

Type B0 Eso PF SF HF
Firiverd Fino 093 0.093 0.3 1.0 1.0
w Coarse 0.16 0.037 0.18 0.86 1.05

. Fine 095 0.098 095 1.0 1.0
Kisarazu2 Coarse 0.13 0.033 022 061 0.94

Table 18 Material constants relating to water-retaining factor (Eq.(5)) and flow
factor (Eq.(8)) for coarse sand

Type Bs0 ysi Vsi A EsO Vsr B
Fuji river2 0.16 0.60 0.40 2.1 0.037 | 059 | 0.001
Kisarazu2 0.13 0.63 0.44 1.7 0.033 | 066 | 0.005

(&)
1

to the experimental I'm.
O:Flljji river2
As mentioned above, with the Soma | AiKisarazu2
silica sand used in this study, it is
considered that particles of 0.063mm or
less clearly show . powder properties,
while ©particles above 0.15mm are
clearly sand. The boundary between
powder and sand is thus assumed to be
in the range 0.063mm to 0.15mm.

o

(o}
(

N w
T T

Experimental 'm

—
T

1 2 3 4 5
With MC, Fuji river2, and Kisarazuz, Calculated 'm

and with fine sand of 0.09mm or less
regarded as powder, I'm was calculated

o
o

Fig.29 Relationship between calculated

by Eg.(18). The relationship between I'm by Eq. (18) and experimental
calculated I'm and experimental I'm is I'm (with calculated B s0 and
shown in Fig.29. Here, the absolute calculated EsO )

water-retaining factors (Table 17) of

the fine sand and the coarse sand were

calculated by Eq.(11) and the absolute flow factors (Table 17) were calculated
by Eq. (17). The absolute water-retaining factor and absolute flow factor of the
blend of MC and fine sand were calculated using Egs. (21) and (22). The constant
B concerning Vsi and the flow factor of sand was set for the particles above
0.15mm in the sand (Table 18).

As shown in Fig.29, at the boundary particle size of 0.09%mm, the calculated I'm
is approximately equal to the experimental I'm in the case of sands other than
Soma silica sand. This suggests that the boundary particle size may also be set
to 0.09mm with a general sand.

As mentioned above, with MC, if the absolute water-retaining factor of the fine
sand and the coarse sand and their absolute flow factors are calculated with a
boundary particle size of 0.09mm, the calculated I'm may be cbtained by Eq. (18)
in the case of a general sand including fine particles.

Based on paste flow tests with powder of 0.09mm or less alone, such as BS or IS,
it has been verified that a linear relationship exists between the relative flow
area of paste and the volumetric ratio of powder to water; namely these water-
retaining factors and flow factors are not affected by the powder volume [3].



w
w

Table 19 Ratio of coarse powder

Coarse powder ratio
Type
%)

MC 0
LS 5.5
BS 0
FA 78
MC40LS60 3.3
MC20BS80 0
MC40FA60 4.7

w
o

MC40FA60

N
(&)

MC20Bs80

N
o

(N N N R R R IO
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MC40LS60

Distribution value (%)
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8. INFLUENCE OF COARSE POWDER ON MORTAR
FLOW
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As regards mortar deformation, it has o
become clear that fine sand particles Particle size ( 4 m)

of 0.09mm or less act as powder, while Fig.30 Particle size distribution of
coarser sand particles act as sand. blended powders

Powders including coarse particles of

0.09mm or more also exist. Therefore, 5 [ A:MC40LSBO (Fuji river2)

it is conceivable that Jjust as sand | [3:MC40LS60 (Kisarazu2)

particles of 0.09mm or more act as sand, @ :Wo208580 (Kisarazu2)

so powder particles of 0.09mm or more
also act as sand. Accordingly, based on
mortar flow tests with powder including
coarse particles of 0.09mim or more
alone, it is investigated whether
coarse powder particles of 0.09mm or B
more act as sand.

B

w

N

i ° AR A

Experimental I'm
®
>4
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T

o

Calculated 'm

Fig.31 Relationship between calculated
Blended powders, in which MC was I'm by Eq. (18) and experimental
blended with 1S, BS, or FA, were used I'm with fine sand treated as
(Fig.30). Here, MC401S60 means a
volumetric ratio of 40% MC to 60% LS.
Similarly, MC20BS80 means 20% MC to 80%
BS, MC40FA60 means 40% MC to 60% FA. The percentage of coarse particles and
coarse powder of 0.09mm or more is shown in Table 19. With MC alone, the
calculated I'm was approximately equal to the experimental I'm when fine sand is
regarded as powder. The reason for this is conceivably that MC includes coarse
powder of 0.0%9%m or more.

8.1 Characteristics of powder

powder

8.2 Handling of coarse powder

With MC40LS60 and MC20BS80, with Fuji river2 and Kisarazu? and regarding fine
sand of 0.09mm or less as powder, I'm was calculated by Eq. (18) . The relationship
between calculated I'm and experimental I'm is shown in Fig.31. Here, the
absolute water-retaining factors (Table 17) of the fine sand and the coarse sand

were calculated by Eq. (11) and their absolute flow factors (Table 17) were the
same as those of MC.

With MC40LS60, the calculated I'm is appreciably larger than the experimental I'm.
‘However, with MC20BS80, the calculated I'm agree with the experimental I'm
roughly. The reason for this is conceivably that, as shown in Table 19, like MC
MC20BS80 does not include coarse powder of 0.09mm or more, and the distribution
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Table 20 Material constants relating to water-retaining factor (Eq.(5)) and flow
, factor (Eq.(8)) for coarse sand

Type Bs0 ysi Vsi A EsO Vsr B
MC40LS60 Fuji river2 0.16 047 0.31 14 0.037 0.59 0.001
MC40LS60 Kisarazu2 0.14 0.56 0.39 13 0.035 0.66 0.005
MC40FA60 Fuji river2 0.16 0.63 0.46 24 0.020 0.59 0.001
MC alone Fuji river2 0.16 0.60 0.40 2.1 0.037 0.59 0.001
Table 21 Water-retaining factor calculated by (Eq.(11)) and flow factor

calculated by (Eq.(17)) for fine powder and coarse powder

Type Water-retaining factor Flow factor PF SF HF
LS Fine 0.72 0.10 1.25 0.79 0.73
Coarse 047 -0.02 0.60 0.79 1.0
FA Fine 0.60 0.03 1.09 0.61 0.91
Coarse 0.38 -0.04 0.62 0.61 1.0

Table 22 Water-retaining factor and flow factor of fine powder used in

calculation of relative flow area

Type Water-retaining factor Flow factor
MC40LS60 0.81 0.10
MCA0FAB0 0.74 0.05

of BS is similar to that of MC, with only one peak. On the other hand, MC40LS60
includes coarse powder. The action of the coarse powder as sand is conceivably
why the calculated I'm does not agree with the experimental I'm.

Therefore, powder can be distinguished as coarse particles (coarse powder) and
fine particles (fine powder) at a boundary particle size of 0.09m. Coarse
powder of 0.09mm or more can be regarded as sand, and fine powder of 0.0%m or
less can be regarded as powder. Then the basic equation of mortar flow (Eq. (18))
is changed to Eq. (24).

L=Em~I‘m+,Bm (24)

Vpf+ Vsf
Em = (Ef+ Esc- Vsc+ Epc: Vpc) N 1-(Vsc+ Vpc) (25)

Vpf+ Vsf 1-{Vsc-(1+ #sc) + Vpe- (1+Q+ Bpe)}
pm= BT{1-(Vsc+Vpe)} + Bsc: Vsc+ Bpe- Vpe (26)
1-{Vsc-(1+ Bsc) + Vpe: (1+Q+ S pe)}
Bf=ppf+(Bst0-Bpf)-y £ (27)
Ef = Epf+ (Esf0~Epf) -y f (28)
yf=—vst (29)
Vsf+ Vpf

Where Vpf is the volumetric ratio of fine powder in the mortar (Vpf = Vp-Vpc),
Voc is the volumetric ratio of coarse powder in the mortar (Vpc = VpX kpc), Vp
is the volumetric ratio of powder in the mortar, kpc is the coarse powder ratio,
Bpc is the water-retaining factor of coarse powder, Epc is the flow factor of
coarse powder, B f is the water-retaining factor of the blend of fine sand and
fine powder, Ef is the flow factor of the blend of fine sand and fine powder, 8
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Table 23 Material constants relating to water-retaining factor (Eq.(5)) and flow
factor (Eq.(8)) for coarse sand

(Comparison between regarding coarse sand as sand and regarding coarse
sand as powder)

Type Distinetion of Water-retaining factor Flow factor
coarse powder Bs0 ysi Vsi A Es0 Vsi Vsr B
LS Sand 0.15 0.53 0.37 1.6 0.040 0.37 0.60 0.002
Powder 0.15 0.51 0.36 1.5 0.040 0.36 0.60 0.002
FA Sand 0.15 0.60 0.45 2.1 0.035 — - -
Powder 0.15 0.56 0.42 1.8 0.035 — - -
5 - A:MC40LS60 (Fuji river2) 5
[3:MC40LS60 (Kisarazu2) O:LS (Somal)
eql O :MC40FA80 (Fuji YIV862) A g4 A:FA(Somat)
[ L.
w3l o w3l
t o = AO,
2 o g
: 2 - T 2 - O,
2 a
a1k RN NS
0 1 1 1 1 0 1 1 1 i
o 1 2 3 4 5 0o 1 2 3 4 5
Calculated Mm Calculated m
Fig.32 Relationship between calculated Fig.33 Relationship between calculated
I'm by Eq.(24) and experimental I'm by Eqg. (24) and experimental
I'm with fine sand treated as I'm with coarse powder treated
powder and coarse powder treated as sand with coarse sand.

as sand

pf is the water-retaining factor of fine powder, Epf is the flow factor of fine
powder, and yf is the volumetric ratio of fine sand to powder.

With MC40LS60, at the boundary particle size of 0.09mm, the calculated I'm was
obtained by Edg.(24). Then the relationship between the calculated I'm and
experimental I'm is shown in Fig.32. Similarly, values for MC40FA60 including the
coarse powder are compared. In all cases, calculated I'm is approximately equal
to experimental I'm. The material constants relating to water-retaining factor
and flow factor of the coarse powder and used in calculating I'm, are shown in
Table 20. Here, the water-retaining factors (Table 21) of the coarse powder and
the fine powder were calculated by Eq.(11) and their flow factors (Table 21)
were calculated by Eq.(17). The water-retaining factor and flow factor of the
blend of the fine powder (Table 22) and the fine sand were calculated by
Egs. (27) and (28). Incidentally, it is conceivable that because the flow factor
of the coarse sand is affected by the particle shape of FA, its absolute flow
factor is reduced. Thus, the calculated I'm was obtained by setting the absolute
flow factor of the coarse sand smaller than the calculations shown in Table 17.

As shown in Table 20, Vsi with MC alone is 0.4, while Vsi with MC40LS60 is 0.31.
The reason for the smaller Vsi is that particles having a diameter approximately
equal to the boundary particle size increase with the coarse powder of 1S and

the fine sand. There is conceivably an interaction between the coarse powder and
the fine sand.

As mentioned above, at the boundary particle size of 0.09mm, with absolute
water-retaining factor and absolute flow factor calculated from the particle
size distribution characteristics and the particle shape, the calculated I'm is
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obtained by Eq. (24) . However, in this case, Vsi must be set to take into account
the interaction between coarse powder and fine sand.

With Somal including no fine sand, and with IS alone or FA alone, if the coarse
powder in these powders are treated as sand, I'm was calculated by Eq. (24). The
relationship between calculated I'm and experimental I'm is shown in Fig.33. Here,
the water-retaining factor and flow factor of the powders shown in Table 21 were
used in Eq. (11). The calculated I'm is approximately equal to the experimental T°
m. In both cases, regarding coarse powder as sand or as powder, the values of
Vsi are compared. As shown in Table 23, both are approximately equal. This means
that in the case of powder including coarse particles, interaction does not
occur when sand including no fine particles is used.

9. CONCLUSION

In this study, based on the powder particle size distribution properties and
particle shape, a method for estimating the water-retaining factor and flow
factor of sand, which are properties affecting mortar fluidity, was proposed.
Then, from the action of powder and sand on mortar flow, the boundary particle
size between the two, and the influence of fine sand and coarse powder on mortar
flow, were clarified.

The results can be summarized as follows.

(1) The absolute water-retaining factor of sand, like powder, was affected by
the particle size factor, the maximm value of particle size distribution, and
the sand particle shape, all of which are particle size distribution properties.
It is a sand property regardless of the type powder.

(2) The absolute flow factor of sand, like powder, was affected by the particle
size factor and the shape factor. It decreased when particles were globular, as
in fly ash. With an uneven or angular particle, so as in cement or BS, it was a
sand property regardless of the type of powder.

(3) In case of a particular powder, Vsi relates to the average distance between
sand particles which was calculated by the average particle diameter and the
solid volume percentage of the sand. However, with a particular sand but
different powder average particle diameter, particle size distribution, and
particle shape, Vsi also varied.

(4) Vsr was relates to the solid volume percentage. It is a sand property
regardless of the type powder.

(5) The water-retaining factor and flow factor of powder were constant
regardless of its volume. On the other hand, those of sand increased with volume
when the sand volume exceeded a certain point. This is a difference between sand
and powder in fresh mortar.

(6) Fine sand particles cause the absolute water-retaining factor of sand and
Vsi to increase, and cause the absolute flow factor to decrease accordingly.
From this result, it is clear that the boundary between powder and sand exists
at about 0.90mm in this study.

(7) When coarse powder of 0.09mm or more is regarded as sand, the calculated I'm
is approximately equal to the experimental I'm.

(8) In the case of the powders and sands in this study, Vsi decreased when the
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both fine sand and coarse powder, were included in the fresh mortar. When only
one of these was included, the variation in Vsi was small.
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