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Abstract: The multiscale rheological threshold theory can guide the mix design of self-compacting
concrete (SCC) from a trans-scale view. Through the paste thresholds calculated by the mini-slump
flow test results, the workability of SCC can be predicted. However, this method shows insufficient
prediction accuracy when handling multiplexed powder. In the existing threshold calculation formula,
the characteristics of powder materials were described through empirical values, without considering
the specific properties of various powders. This paper focuses on the application of the multiscale
rheological threshold theory to multiplexed powder SCCs. Through the research on the characteristics
of powder materials, especially D50 and Span, the effect of the powder properties on paste thresholds
was carried out. The prediction accuracies were confirmed by four sets of self-compacting mixtures at
paste and concrete scales and were verified with another set of tests. There are a total of 45 paste and
45 SCC test results with multiplexed powders, including cement, fly ash, and limestone powder. The
predicting accuracies are expressed as the relative accuracy ε and the accuracy index ε′, calculated by
the comparison of self-compacting zones at paste and SCC scales. The calculation results showed
that ε and ε′ of the modified method increased. This modified method can be efficient for the mix
design of SCC containing multiplexed powders.

Keywords: self-compacting concrete (SCC); mix design method; multiscale rheology; multiscale
rheological threshold theory; multiplexed powder

1. Introduction

Self-compacting concrete (SCC), discovered by Okamura [1] in 1988, has high flowa-
bility and segregation resistance in the fresh state. No vibration is necessary for SCC to
flow through the gaps of reinforcements and inaccessible parts in construction formwork
on account of its excellent self-compacting performance [2,3]. Relying on these advantages,
the application of SCC reduces construction time, noise pollution, and labor costs [3]. Thus,
it has become a kind of high-performance concrete used widely worldwide. Except for the
benefits, the performance is susceptible to material changes in composition and dosage,
causing difficulties in the mix design.

Researchers put efforts into the mix design, aiming at the simplified and accurate
methods, such as the empirical method, strength-related method, and aggregate packing-
related method [4]. Okamura [5] invented an empirical mix design method. The initial
mix proportion was selected by empirical dosage and adjusted through the SCC tests, until
the performance of the SCC became satisfactory. Su [6,7] related the packing properties
of aggregates to SCC performance and developed a corresponding mix design method.
Domone [8] reported a mix design method based on the empirical relationship between
gravel content and SCC performance; the mix proportion needed to be determined by
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the SCC test results. Bouziani [9] investigated a statistical data-related method for mix
design. After establishing the statistical relationship between the SCC test results and its
component parameters based on large amounts of data, the performance of a certain mix
proportion could be predicted. All the mix design methods introduced above involve the
macroscopic SCC test as an essential step, several or many times. It might require lots
of experiments and waste of material to obtain the SCC mix proportion with satisfying
performance.

To simplify the process of mix design, some researchers were concerned with the
multiscale rheology between paste and SCC. Based on the rheometer test, Saak [10,11]
related the segregation of SCC with the rheological parameters of SCC, and proposed the
yield stress calculation method from the slump flow (SF) test results. Bui [12] set up a
rheological model of paste based on the test results from the rheometer tests, providing
quantitative rheological relationships between paste and SCC. Wu [13] set up the multiscale
rheological threshold theory based on the relationship between the mini-SF test results
and the rheological properties of the paste. The test results from the SF tests can be more
consistent than rheometers. Through the yield stress and plastic viscosity criteria in Wu’s
theory, the performance of SCC can be predicted based on the paste rheological properties.
Thus, the SCC mix design can be completed by the mini-SF test of the paste, achieving a
trans-scale prediction. Nie [14] and Zhang [15] proposed the self-compacting zones at the
paste and SCC scales with the bilinear interpolation method, visualizing the mix design
calculation. The zones displayed the trend of the paste rheological properties when the mix
parameters varied. Further studies of the improvement of this mix design method were
proposed. Concerning the aggregates, Zhang [15–19] studied the influences caused by the
size, content, and shape of sand [16] and gravel [15]. Except for aggregates, the powder
material had large proportions of concrete. SCC consists of a higher percentage of cementi-
tious materials than traditional concrete [3], which leads to higher costs and environmental
impact. The minimization of the carbon footprint and the utilization of natural resources
are focus issues worldwide, and substitutes for cementitious materials are an especially im-
portant concern in the application of SCC [17]. To increase the applicability of substitutable
powder, Zhang studied the impact of fly ash (FA) and limestone powder (LP) [18–20] from
the viewpoint of empirical coefficients and equivalence models. Li [21–23] reported the
quantifiable impact that the packing properties of the mortar caused and proposed the
equivalent mortar film thickness. However, the only factor deciding the powder parameters
was the powder type. The original parameters reported by Wu were based on research
by Toutou [24] and Banfill [25], two cement constants. Then, Zhang [17,19] studied the
equivalent and empirical coefficients of FA and LP. In the above studies, each type of
powder shared the same parameters, neglecting the diversities between powders within
the same type. Turkel [26] demonstrated that mineral additives contributed more to fresh
properties than aggregates. Up to now, a lot of qualitative research about the powder’s
influence on the fresh properties of SCC has been proposed. Some researchers [27,28]
reported that the spherical geometry and smooth surface caused FA particles to reduce the
water requirement for achieving good flowability. Gritsada [29] also found the above trend
in LP particles; the smooth surface and spherical shape have effects on the workability of
SCC mixtures. However, Zhu [30] proposed a diverse conclusion that LP from mechanical
grinding might show irregular and angular features. Thus, the studies of the quantitative
impacts that powder causes should be considered in the threshold theory.

This paper aims to increase the applicability of multiscale threshold theory on substi-
tutable powders, including FA and LP, reducing time, cost, and utilization of cement in SCC
mix design in civil, hydraulic, and other engineering applications. The influences caused
by the multiplexed powders on the fresh SCC properties were studied. Thus, the quantifi-
cation of the impacts on the paste thresholds was achieved, and the theory was modified.
The modification was verified by five series of tests containing up to 90 self-compacting
performance tests at the paste and SCC scales. Based on the modified multiscale rheological
threshold theory, a mix design method for multiplexed powder SCC is proposed.
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2. SCC Mix Design Method Based on Multiscale Rheological Threshold Theory
2.1. Multiscale Rheological Threshold Theory

The excess thickness theory [12,31] provides the foundation of the rheological thresh-
old theory. The basic assumption is that the mortar acts as a film, filling the voids between
gravel particles and the excess part of the mortar, wrapping the gravel particles evenly. As
shown in Figure 1.
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Vexc, Vvoid, and VG denote the volume of the excess mortar, the voids among the
gravel and the gravel. Di refers to the sieving particle size of gravel fraction i and δmortar is
the mortar film thickness. The calculation method is shown as Equation (1).
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where ai% means the percentage of gravel mass retained between the upper and lower
sieve sizes in fraction i, r means the average radius of the gravel; the detailed calculation
method is in [9].

The threshold theory was established and modified in three phases, as shown in
Figure 2. The initial threshold theory was set up by Wu based on the SF test, consisting
of the yield stress threshold and the plastic viscosity threshold. The flowability and
segregation resistance were considered to be relative to the yield stress and plastic viscosity,
respectively. The schematic diagram of Wu’s model is shown as case (1) in Figure 2.

The rheological relationship between the mortar and the gravel was obtained as the
basis, and then the relationship between the mortar and paste was proposed. Based on
that, the limit values of the rheological parameters were obtained as the paste thresholds,
expressed in Equations (2) and (3).

τpaste ≤ τthreshold =

√
2∆ρgr2

3δmortar
(1− φ/φmax)

n (2)

ηpaste ≥ ηthreshold =
20∆ρgr2

9δmortar
(1− φ/φmax)

[η]ϕmax (3)

where τpaste and ηpaste refer to the yield stress and plastic viscosity of the paste, respectively.
τthreshold and ηthreshold denote the yield stress and plastic viscosity thresholds of the paste,
respectively. ∆ρ is the density differences between the gravel and mortar, and ρpaste is the
density of the paste. g is the acceleration of gravity, 9.8 m/s2. n denotes the powder fitting
coefficient, obtained as 4.2 in [24]. [η] denotes the intrinsic viscosity, determined to be 2.5
in [25]. φ and φmax are the actual and maximum sand-mortar ratios. φmax can be calculated
by Equation (4):

φmax = 1− 0.45(dmin/dmax)
0.19 (4)

where dmin and dmax are the smallest and largest sand diameters, respectively.
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Figure 2. Schematic diagram of the multiscale rheological threshold theory.

As we can see from the above threshold formula, the thresholds were determined
by the calculated parameters of the given SCC mix and materials. Additionally, the real
rheological parameters τpaste and ηpaste can be calculated by the mini-SF tests. Rous-
sel [32] reported the calculated method of yield stress from the final SF value, presented as
Equation (5).

τpaste =
225ρpastegV2

paste

128π2(SFpaste/2)5 − λ
(SFpaste/2)2

Vpaste
(5)

where Vpaste and hcone mean the volume and height of the mini-SF cone, respectively.
SFpaste represents the final SF value. λ is a function of both the tested fluid surface tension
and the contact angle. A detailed study can be found in [32].
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Chidiac [33] found the relationship between the plastic viscosity and the flow time
when SFpaste reached a certain value (200 mm in this research). The relationship can be
expressed as Equation (6):

ηpaste =
2ρpasteghconeVpaste

3π× SLpres × SFpres2 T200 (6)

where SFpres and SLpres represent the prescribed spread (200 mm) and its slump. T200 is the
time cost when SFpaste reaches 200 mm.

Thus, through the comparison of the real paste rheological parameters and the thresh-
olds, the performance of SCC can be predicted.

However, when the gravel content changed, Zhang [15] found that Wu’s models were
not enough to describe all the flow situations. He set up new mechanical models according
to the gravel particles at the edge of the SCC when the flow was about to stop in the SF
test. Case (2) in Figure 2 shows the schematic diagram of Zhang’s model. The improved
threshold criteria are expressed as below:

τpaste ≤ τthreshold =
ρmortarg(b + 2δmortar)

2(a + 2δmortar)

2

(1− φ/φmax)
n (7)

ηpaste ≥ ηthreshold =
2∆ρgr2

δmortar
(1− φ/φmax)

[η]φmax (8)

where a and b denote the width and the height of the gravel particle, equaling to 2r and
0.9r, respectively.

The above models were established based on the SF test, which led to unsatisfied
predictions in some situations. Compared with the SF test, the V-funnel test provides a more
complicated flow circumstance for SCC. Considering the pressure of gravel particles on
the paste, the following threshold models were set up based on the V-funnel test. Case (3)
in Figure 2 presents the schematic diagram of this model, and it can be expressed by
Equations (9) and (10).

τpaste ≤ τthreshold =
13
√

2∆ρgr2

48δmortar
(1− φ/φmax)

n (9)

ηpaste ≥ ηthreshold =
28∆ρgr2

45δmortar
(1− φ/φmax)

[η]ϕmax (10)

Based on the threshold criteria, the flowability of SCC can be predicted. Thus, the mix
proportion satisfying self-compacting performance requirements is obtained. To discover
the trend clearly and intuitively, the visualized self-compacting zone is proposed, which
will be introduced in Section 2.2.

2.2. Self-Compacting Zones

An area in a two-dimensional graphic that can show all the mix design points that
lead to self-compacting mixtures is the self-compacting zone. There are different kinds of
self-compacting zones at different scales, such as the paste and concrete scales. These zones
are the visualization of the threshold theory.

The self-compacting paste zone (SCP zone) was proposed by Nie [14]. According to
research, the rheological parameters and thresholds are obtained based on the mini-SF
test results. Thus, the bilinear interpolation method can guide the confirmation of an area
consistent with the threshold criteria, with the Vw/Vp (the volume ratio of water and
powder) and SP% (the mass percentage of superplasticizer to powder) as the axis. The
boundaries of the zone represent the threshold criteria. All the points in the area correspond
to SCC mix proportions with applicable flowability.

The self-compacting concrete zone (SCC zone) was developed by Zhang [15]. Similar to
the boundaries of the SCP zone related to paste thresholds, the boundaries of the SCC zone
are connected to the self-compacting criteria for SCC. It includes the SF and V-funnel time
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(VF) obtained from the SF test and the V-funnel test, respectively. Equations (11) and (12)
show the criteria.

600 mm ≤ SF ≤ 800 mm (11)

4 s ≤ VF ≤ 25 s (12)

When evaluating the accuracy of the threshold theory, we regard the SCP zone as a
prediction zone for the SCC zone. The prediction accuracy was obtained by the comparison
of the two zones.

2.3. Limitation of Existing Research

The existing threshold theory was established for certain kinds of powder materials.
The initial test consisted of only a single kind of powder [13], of which n and [η] were 4.2
and 2.5, respectively. Then Zhang [17–20] researched the equivalence model for binary
or ternary powder based on the test results, where the powders of the same type had the
same parameters. According to his research, n and [η] of FA were 6.5, while those of LP
were 7.0. However, different powders perform differently, even if they are of the same type.
The particles may have different sizes, shapes, or spans, and show different rheological
characteristics. The type is not the only factor that affects its properties.

Research on the properties of aggregates was carried out, such as particle size, packing
properties, and shape. The properties of materials affect the rheology of the paste and SCC
a lot, effects caused by the powder should not be neglected. It should be noted that the
particle size and shape of powder are all potential factors that can affect the performance of
paste and SCC.

3. Modification of Multi-Scale Threshold Theory
3.1. Materials, Test Design, and Test Method

Two types of 42.5 Portland cement (marked as C_A and C_B), fly ash (FA), and
limestone powder (LP) were selected as powder materials. The densities of those powders
were measured with a pycnometer [34], which were 3.08, 3.15, 2.50, and 2.50 g/cm3,
respectively. The particle size parameter D50 of the above four powders are 20.30, 20.39,
17.82, and 19.28 µm, while the particle distribution parameters Span are 2.26, 2.27, 3.54, and
3.46 µm. The particle size distribution curves of the powders are shown in Figure 3.
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Two kinds of crushed limestone gravel were used, marked as G_A and G_B. The den-
sities of G_A and G_B are 2.70 g/cm3 and 2.80 g/cm3, respectively. The packing densities
of the above two gravels are 1.36 g/cm3 and 1.47 g/cm3. There are two types of sand. The
quartz sand is marked as S_A, with a density of 2.64 g/cm3. The machine-made sand is
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marked as S_B, with a density of 2.65 g/cm3. Figure 4 shows the particle size distribu-
tion curves of aggregates obtained by the sieving tests. The properties of the aggregates
were all tested according to Chinese standard JGJ/52 2006 [35]. A polycarboxylate-based
superplasticizer (SP) was used.
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As introduced above, the comparison of self-compacting zones at paste and SCC scales
is the basic method for this research. To obtain a self-compacting zone, nine mix points
were necessary. Thus, the nine paste tests and nine related SCC tests constitute a series of
tests. To study the effect of the powder characteristics on paste thresholds, we designed five
series of experiments, as shown in Table 1. Serials 1–4 were basic modifications. According
to the test results of Serials 1–4, we modified the parameters relevant to powder materials in
the threshold formulas. Thus, the mix design method based on the threshold theory could
be modified, making it more applicable to multiplexed powder. To confirm the applicability
of the modified method to multiplexed powder, the fifth series of paste and SCC tests were
carried out. The test design details are shown as Serial 5 in Table 1. In the table, C%, FA%,
and LP% are the volume percentages of cement, FA, and LP to powder, respectively. G% is
the gravel ratio to the whole mixture by volume. S% is the volume ratio of sand to mortar.

Table 1. Test design.

Serial
No. C% FA% LP% Cement

Type
Gravel
Type

Sand
Type G% S%

1 100% - -
C_A G_A S_A 30% 45.0%2 80% 20% -

3 70% 30% -
4 80% - 20%

C_B G_B S_B 27% 38.5%5 63% 16% 21%

The test includes two steps at different scales.
The first step is on the paste scale. For each mix point, a total of 0.4 L of paste was

mixed with an NJ-160-type paste mixer. Firstly, the weighed powders were put into the
mixer. Then, the mixer was turned on, which could control the mixing process by itself.
There were three steps in mixing, a low-speed mixing for 120 s, a break for 15 s, and a
high-speed mixing for 120 s. During the first 30 s of mixing, the weighed water and SP were
added to the mixer uniformly. Finally, we sampled the fresh paste to propose a mini-SF test
and obtain SFpaste and T200.

The second step is on the SCC scale. For each mix point, a total of 20 L of SCC was
mixed by a single-shaft mixer. At first, the weighed dry materials were put into the mixer
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in the order of gravel, sand, and powder. After premixing for 30 s, the water and SP
weighed were poured into the mixer, and a mixing phase for 180 s was conducted. When
the mixing was performed, we sampled the fresh concrete and proposed the SF test and
the V-funnel test to obtain SF and VF. The test standard for SCC was the Chinese standard
CECS 203-2006 [36].

3.2. Modification of Powder Parameters
3.2.1. D50 and Span

Additionally, density, particle size, and distribution of particles are critical. Among
various methods, laser diffraction methods are nowadays widely used for particle size
analysis. When particles were packing and moving, their rheology was concerned with
the packing style. To describe the pacing, properties, size, and distribution of the particles
were essential.

Many parameters could be obtained through laser diffraction methods, such as D50
and Span. D50, describing the particle size, is the median particle diameter. Specifically,
50% of the volume of the particles is smaller than this size, and the other 50% is larger. Span
is a parameter that can describe the distribution width of particles, it can be calculated by
Equation (13):

Span = (D90 − D10)/D50 (13)

where D90 and D10 represent the diameters that have 90% and 10% by volume particles
larger than these sizes, respectively.

The above two parameters can represent the properties of powder particles in a more
comprehensive way than the average particle size.

3.2.2. Modification of the Powder Fitting Coefficient n

In Equation (9), the powder fitting coefficient n was obtained as 4.20 in Toutou’s and
Roussel’s study [24]. This value is a fitted parameter for cement. When the cement type
changes or uses other powders as filler, n may also change, which is neglected in the
existing threshold theory. Zhang [19] modified the yield stress threshold with a total fitting
parameter method. Different powders had different values of n, and it was a certain value
for a type of powder. The fitting coefficients of powder materials are weighted based on
their volume fraction; their sum is the total fitting parameter. However, type is the only
factor that affects the value of n, ignoring the specific properties of the powder.

Based on the comparison of the paste and SCC rheological test results of Series 1–4,
we found that:

1. On the occasion that D50 was similar, the bigger span, τthreshold was calculated to be
lower than its real value. The powder fitting coefficient n seemed smaller.

2. On the occasion that the span was similar, the bigger D50, τthreshold was calculated to
be lower than its real value. The powder fitting coefficient n seemed smaller.

In the first case, the powder particles with a similar size, when the distribution width
increased, it seemed that the mixture needed to overcome greater yield strength to flow.
The second case was the same as the first case, when the distribution width was similar,
the bigger the particle size was, the more difficult it was for the particles to flow.

According to the test results of Series 1–4, we found the relationship between the
powder fitting coefficient and powder size and distribution parameters. Thus, the modified
powder fitting coefficient can be expressed as Equation (14):

np = (−0.54 · D50 · Span/50 + 1.54) · nexp (14)

where np denotes the modified value of n.
The coefficient is relative to the product of the two parameters. To validate the accuracy

of the modification, series 5 was carried out as a validation set. Table 2 shows the original
and modified values of the powder fitting coefficient n and yield stress threshold. nexp
denotes the original empiric value of n. τthreshold,o referred to the thresholds calculated by
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the Zhang’s method, obtained by Equations (7) and (8). τthreshold,m denoted the thresholds
calculated by the modified method, obtained by Equations (9) and (10).

Table 2. The modified powder fitting coefficient n and yield stress threshold.

Serial No. D50 (µm) Span (µm) nexp τthreshold,o (Pa) np τthreshold,m (Pa)

1 20.30 2.26 4.20 0.83 4.39 0.76
2 19.80 2.51 4.20 0.82 4.21 0.82
3 19.56 2.64 4.20 0.82 4.13 0.85
4 20.07 2.53 4.20 0.89 4.16 0.90
5 19.68 2.73 4.20 0.90 4.04 0.97

3.2.3. Modification of the Intrinsic Viscosity [η]

In Equation (10), the intrinsic viscosity [η] was obtained as 2.5 according to Banfill’s
research [25]. That is an approximation for sphere particles. In the threshold theory,
the powder particles are regarded as spheres of equal size. However, the powder particles
are not real spheres. The sizes and shapes of the powder particles are diverse. Thus, a single
value is deficient for multiplexed powder.

Similar to the powder fitting coefficient n, Zhang [19] proposed a weighed fitting
parameter method by the powders’ volume fraction. For a certain type of powder, [η] was
the same, which did not take the specific characteristics of powders into consideration

Based on the comparison between the paste and SCC rheological test results of
Series 1–4, it can be found that:

1. The smaller D50 was, ηthreshold calculated was lesser than its real value. The intrinsic
viscosity [η] seemed bigger.

2. The bigger D50 was, ηthreshold calculated was bigger than its real value. The intrinsic
viscosity [η] seemed smaller.

D50 represents the particle size of powder, showing the effects on the intrinsic viscosity
[η] and plastic viscosity threshold. Using the existing calculation formula of plastic viscosity,
the powder with bigger particle sizes has greater plastic viscosity thresholds. Conversely,
the powders with smaller particle sizes possess smaller plastic viscosity thresholds.

The intrinsic viscosity is relative to D50. The fitting relationship between the intrinsic
viscosity [η] and D50 can be expressed as Equation (15):

[η]P = (4.65 · D50/20− 3.63) · [η]exp (15)

where [η]p denotes the modified value of [η].
To prove the accuracy of the modification, series 5 was carried out as a valida-

tion set. Table 3 shows calculation values of the original and modified intrinsic vis-
cosity [η] and plastic viscosity threshold. [η]exp denotes the original empiric value of
[η]. τthreshold,o referred to the thresholds calculated by the Zhang’s method, obtained
by Equations (7) and (8). τthreshold,m denoted the thresholds calculated by the modified
method, obtained by Equations (9) and (10).

Table 3. The modified intrinsic viscosity [η] and plastic viscosity threshold.

Serial No. D50 (µm) [η]exp ηthreshold,o (Pa·s) [η]p ηthreshold,m (Pa·s)

1 20.30 2.5 10.76 2.72 13.63
2 19.80 2.5 10.90 2.44 9.27
3 19.56 2.5 11.82 2.29 11.35
4 20.07 2.5 10.76 2.59 11.06
5 19.68 2.5 10.80 2.36 11.90
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3.3. Applicability of Modified Multiscale Thresholds and Verification
3.3.1. Verification with Single Powder, Cement

As introduced above, even when the powder type was the same as cement, the previ-
ous thresholds presented insufficient. To verify the accuracy of the modified method, five
series of tests were carried out. In this section, the SCP zones are obtained by the V-funnel
test-based model. The original method uses nexp and [η]exp to calculate the thresholds,
while the modified method uses np and [η]p.

Series 1 used single powder, cement. The type of the powder was C_A. The gravel
used was G_A with a content of 300 L/m3. The sand used was S_A with a ratio of 45%.
Table 4 shows the mix and test results of pastes, inside which τpaste and ηpaste are the
calculation values of the rheological parameters obtained by Equations (5) and (6). Table 5
shows the mix and test results of SCCs. Cement, water, gravel, and sand are marked as C,
W, G, and S in the tables, respectively.

Table 4. Mix proportions and test results of paste in series 1.

Vw/Vp SP%
Mix Proportion (kg/m3) SFpaste

(mm)
T200
(s)

τpaste
(Pa)

ηpaste
(Pa·s)C W SP

1.00 0.80 1536.2 488.9 12.29 237 4.30 1.89 53.81
1.00 0.90 1535.7 487.6 13.82 255 3.87 1.29 48.41
1.00 1.00 1535.3 486.2 15.35 259 3.25 1.20 40.67
1.10 0.80 1463.2 513.2 11.71 261 2.15 1.12 26.18
1.10 0.90 1462.8 511.9 13.17 276 1.89 0.85 23.07
1.10 1.00 1462.4 510.6 14.62 285 1.70 0.73 20.80
1.20 0.80 1396.9 535.3 11.18 284 1.03 0.71 12.24
1.20 0.90 1396.5 534.0 12.57 309 1.02 0.46 12.01
1.20 1.00 1396.1 532.8 13.96 313 0.85 0.43 10.13

Table 5. Mix proportions and test results of SCC in series 1.

Vw/Vp SP%
Mix Proportion (kg/m3) SF

(mm)
VF
(s)C S G W SP

1.00 0.80 576.0 808 810 183.3 4.61 237 4.30
1.00 0.90 576.0 808 810 182.9 5.18 255 3.87
1.00 1.00 576.0 808 810 182.4 5.76 259 3.25
1.10 0.80 548.5 808 810 192.4 4.39 261 2.15
1.10 0.90 548.5 808 810 192.0 4.94 276 1.89
1.10 1.00 548.5 808 810 191.5 5.49 285 1.70
1.20 0.80 523.6 808 810 200.7 4.19 284 1.03
1.20 0.90 523.6 808 810 200.2 4.71 309 1.02
1.20 1.00 523.6 808 810 199.8 5.24 313 0.85

To compare and verify the accuracy of the original and modified methods, the SCC
zone and SCP zones were obtained, as shown in Figure 5. The black dashed line notes the
original SCP zone, while the black solid line presents the modified SCP zone. They are
regarded as the predicted zone. The red short dashed line notes the SCC zone, which is
regarded as the real zone.

In Figure 5, the original SCP zone is to the left of the SCC zone, showing excessive
prediction. Its left boundaries are distant from the SCC zone. Thus, the original method
has a higher chance of obtaining a lower Vw/Vp, which leads to lower flowability. The
modified SCP zone has similar boundaries to the SCC zone, almost the same. It indicates
that there is a much higher probability of obtaining SCCs with good workability through
the modified SCP zone.
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3.3.2. Verification with Binary Powder, Cement Substituted by 20% FA

Series 2 contains binary powder, cement and FA. The substitution rate of FA was 20%
by volume, and the cement type was C_A. G_A and S_A were used as aggregates, with a
gravel content of 300 L/m3 and a sand ratio of 45%. The mix and test results of the pastes
are shown in Table 6. τpaste and ηpaste were calculated with Equations (5) and (6). Table 7
shows the mix and test results of the SCCs.

Table 6. Mix proportions and test results of paste in series 2.

Vw/Vp SP%
Mix Proportion (kg/m3) SFpaste

(mm)
T200
(s)

τpaste
(Pa)

ηpaste
(Pa·s)C FA W SP

1.00 0.80 1229.1 249.4 489.4 11.83 258 2.47 1.18 30.03
1.00 0.90 1228.7 249.3 488.0 13.30 285 2.38 0.72 28.89
1.00 1.00 1228.4 249.3 486.7 14.78 315 1.67 0.43 20.34
1.10 0.80 1170.7 237.6 513.6 11.27 284 2.08 0.72 24.69
1.10 0.90 1170.4 237.5 512.4 12.67 299 1.53 0.55 18.18
1.10 1.00 1170.0 237.4 511.1 14.07 330 1.21 0.33 14.32
1.20 0.80 1117.6 226.8 535.7 10.76 325 1.00 0.35 11.64
1.20 0.90 1117.3 226.7 534.5 12.10 350 0.50 0.23 5.76
1.20 1.00 1117.0 226.7 533.2 13.44 363 0.47 0.19 5.10

Table 7. Mix proportions and test results of SCC in series 2.

Vw/Vp SP%
Mix Proportion (kg/m3) SF

(mm)
VF
(s)C FA S G W SP

1.00 0.80 460.8 95.4 808 810 183.4 4.45 555 8.00
1.00 0.90 460.8 95.4 808 810 183.0 5.00 590 7.86
1.00 1.00 460.8 95.4 808 810 182.6 5.56 610 9.06
1.10 0.80 438.8 90.8 808 810 192.5 4.24 580 5.51
1.10 0.90 438.8 90.8 808 810 192.1 4.77 663 5.20
1.10 1.00 438.8 90.8 808 810 191.7 5.30 670 5.00
1.20 0.80 418.9 86.7 808 810 200.8 4.04 665 5.00
1.20 0.90 418.9 86.7 808 810 200.4 4.55 670 4.70
1.20 1.00 418.9 86.7 808 810 200.0 5.06 685 4.60

Based on the test results, the original and modified SCP zones were obtained, as shown
in the black dashed and solid lines in Figure 6. The SCC zone is shown as the red short
dashed line in Figure 6.
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In Figure 6, the original SCP zone is a little wider than the modified one, and their
boundaries are similar. Additionally, they both contain the SCC zone, allowing the pos-
sibility to obtain predictions with insufficient self-compacting performance. However,
the boundaries of the modified SCP zone are slightly closer to the SCC zone, indicating a
little more advancement in the prediction accuracy.

3.3.3. Verification with Binary Powder, Cement Substituted by 30% FA

Series 3 contains the same types of powder as series 2, cement and FA. The substitution
rate of FA was 30% by volume. The cement, gravel, and sand types were C_A, G_A, and
S_A, respectively. The gravel content was 300 L/m3, and the sand ratio was 45%. The
detailed mix and test results of pastes and SCCs are shown in Tables 8 and 9. τpaste and
ηpaste in Table 8 were calculated by Equations (5) and (6).

According to the test results, SCP zones obtained by the original and modified methods
were proposed, as shown in the black dashed and solid lines in Figure 7. The SCC zone is
shown as the red short dashed line in Figure 7.

Table 8. Mix proportions and test results of paste in series 3.

Vw/Vp SP%
Mix Proportion (kg/m3) SFpaste

(mm)
T200
(s)

τpaste
(Pa)

ηpaste
(Pa·s)C FA W SP

1.00 0.80 1075.5 374.1 489.6 11.60 269 2.44 0.95 29.26
1.00 0.90 1075.2 374.0 488.3 13.04 277 2.52 0.81 30.13
1.00 1.00 1074.9 373.9 487.0 14.49 292 1.79 0.62 21.48
1.10 0.80 1024.4 356.4 513.8 11.05 283 1.53 0.71 17.91
1.10 0.90 1024.1 356.3 512.5 12.42 303 1.31 0.51 15.36
1.10 1.00 1023.8 356.3 511.3 13.80 323 1.09 0.36 12.77
1.20 0.80 977.9 340.3 535.9 10.54 314 0.36 0.41 4.09
1.20 0.90 977.7 340.1 534.7 11.86 327 0.37 0.33 3.85
1.20 1.00 977.4 340.0 533.5 13.17 338 0.34 0.28 3.93
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Table 9. Mix proportions and test results of SCC in series 3.

Vw/Vp SP%
Mix Proportion (kg/m3) SF

(mm)
VF
(s)C FA S G W SP

1.00 0.80 403.2 140.3 808 810 183.3 4.35 560 7.01
1.00 0.90 403.2 140.3 808 810 183.1 4.89 640 6.30
1.00 1.00 403.2 140.3 808 810 182.7 5.43 700 5.35
1.10 0.80 384.0 133.6 808 810 192.6 4.14 700 5.20
1.10 0.90 384.0 133.6 808 810 192.2 4.66 715 5.10
1.10 1.00 384.0 133.6 808 810 191.8 5.18 718 4.90
1.20 0.80 366.5 127.5 808 810 200.8 3.95 700 4.22
1.20 0.90 366.5 127.5 808 810 200.4 4.45 710 4.63
1.20 1.00 366.5 127.5 808 810 200.1 4.94 730 4.46
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As Figure 7 indicates, the original SCP zone is located to the right of the SCC zone,
while the modified SCP zone is located between the original SCP zone and the SCC zone.
The boundaries of the modified SCP zone are near those of the SCC zone. It is found that
the original zone possibly leads to a higher Vw/Vp and lower flowability. The modified
one is less likely to obtain incorrect mix predictions.

3.3.4. Verification with Binary Powder, Cement Substituted by 20% LP

Series 4 contains binary powders, cement (C_B), and LP. The substitution rate of LP
was 20% by volume. The gravel and sand types were G_B and S_B, respectively, with
a gravel content of 280 L/m3 and a sand ratio of 38.5%. It should be noted that the
provenance of LP was the machine-made sand S_B. The detailed mix and test results of the
paste SCC are shown in Tables 10 and 11. τpaste and ηpaste in Table 10 were calculated by
Equations (5) and (6).

The SCP zones and SCC zones were obtained based on the test results, as shown in
Figure 8. The black dashed and solid lines represent the original and modified SCP zones,
respectively, while the red short dashed line refers to the SCC zone.
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Table 10. Mix proportions and test results of paste in series 4.

Vw/Vp SP%
Mix Proportion (kg/m3) SFpaste

(mm)
T200
(s)

τpaste
(Pa)

ηpaste
(Pa·s)C LP W SP

0.85 0.41 1316.5 312.1 450.6 6.68 205 4.24 3.96 54.24
0.85 0.49 1316.1 312.0 449.4 7.98 269 3.10 1.01 39.68
0.85 0.57 1315.8 311.9 448.3 9.28 283 2.90 0.78 37.14
0.92 0.41 1268.3 300.7 470.7 6.43 260 2.88 1.18 36.16
0.92 0.49 1267.9 300.6 469.6 7.69 274 2.15 0.90 27.01
0.92 0.57 1267.6 300.5 468.4 8.94 305 1.22 0.52 15.33
0.99 0.41 1223.6 290.0 489.4 6.21 275 2.06 0.87 25.42
0.99 0.49 1223.3 289.9 488.3 7.41 287 1.74 0.70 21.48
0.99 0.57 1222.9 289.8 487.2 8.62 310 0.88 0.47 10.87

Table 11. Mix proportions and test results of SCC in series 4.

Vw/Vp SP%
Mix Proportion (kg/m3) SF

(mm)
VF
(s)C LP S G W SP

0.85 0.41 579.0 131.9 687 776 199.4 2.89 455 38.12
0.85 0.49 579.0 131.9 687 776 198.9 3.47 610 22.43
0.85 0.57 579.0 131.9 687 776 198.4 4.05 670 16.69
0.92 0.40 552.6 131.9 687 776 207.8 2.76 550 21.40
0.92 0.48 552.6 131.9 687 776 207.4 3.31 700 9.75
0.91 0.57 552.6 131.9 687 776 206.9 3.87 700 10.46
0.99 0.40 528.6 131.9 687 776 215.5 2.64 650 15.76
0.98 0.48 528.6 131.9 687 776 215.1 3.17 700 8.12
0.98 0.57 528.6 131.9 687 776 214.7 3.70 730 45.50
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In Figure 8, the left boundaries of the original and modified SCP zones are approxi-
mately parallel, and both overlap with the left boundary of the SCC zone. Compared with
the right boundary of the original SCP zone, the right boundary of the modified SCP zone
is closer to the right boundary of the SCC zone. The two SCP zones seem comparable;
further analysis of the prediction accuracy is required.

3.3.5. Verification with Ternary Powder, Cement Substituted by 16% FA and 21% LP

Series 5 used ternary powder, cement (C_B), FA, and LP. The substitution rate of LP
was 20% by volume. The gravel and sand types were G_B and S_B, respectively, with a
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gravel content of 280 L/m3 and a sand ratio of 38.5%. The detailed mix and test results of
paste SCC are shown in Tables 12 and 13. τpaste and ηpaste in Table 12 were calculated by
Equations (5) and (6).

Table 12. Mix proportions and test results of paste in series 5.

Vw/Vp SP%
Mix Proportion (kg/m3) SFpaste

(mm)
T200
(s)

τpaste
(Pa)

ηpaste
(Pa·s)C FA LP W SP

0.79 0.41 449.1 92.4 121.2 175.6 2.70 215 3.72 3.04 46.37
0.78 0.49 449.1 92.4 121.2 175.2 3.25 247 2.84 1.51 35.42
0.78 0.57 449.1 92.4 121.2 174.7 3.79 278 1.75 0.83 21.84
0.85 0.40 427.7 88.0 121.2 184.2 2.56 248 2.34 1.46 28.64
0.85 0.48 427.7 88.0 121.2 183.8 3.08 285 1.71 0.73 20.94
0.85 0.56 427.7 88.0 121.2 183.3 3.58 307 1.24 0.50 15.19
0.92 0.40 408.3 84.0 121.2 192.0 2.44 272 1.96 0.91 23.59
0.92 0.48 408.3 84.0 121.2 191.6 2.93 290 1.34 0.65 16.14
0.92 0.56 408.3 84.0 121.2 191.2 3.42 313 1.08 0.45 13.01

Table 13. Mix proportions and test results of SCC in series 5.

Vw/Vp SP%
Mix Proportion (kg/m3) SF

(mm)
VF
(s)C FA LP S G W SP

0.78 0.41 486.3 96.7 131.9 687 776 190.2 2.91 465 45.25
0.78 0.49 486.3 96.7 131.9 687 776 189.7 3.49 550 28.78
0.78 0.57 486.3 96.7 131.9 687 776 189.2 4.08 630 10.22
0.85 0.40 463.2 92.1 131.9 687 776 199.5 2.78 525 29.12
0.85 0.48 463.2 92.1 131.9 687 776 199.0 3.33 630 8.27
0.85 0.57 463.2 92.1 131.9 687 776 198.6 3.89 695 5.57
0.92 0.40 442.1 87.9 131.9 687 776 207.9 2.65 605 11.45
0.92 0.48 442.1 87.9 131.9 687 776 207.5 3.18 660 4.79
0.92 0.56 442.1 87.9 131.9 687 776 207.0 3.71 725 3.82

The SCP zones and SCC zones are shown in Figure 9. The original and modified SCP
zones are shown with the black dash and solid lines, respectively, and the SCC zone is
shown with the red short dash line.
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As shown in Figure 9, the original SCP zone is inside the SCC zone, showing a
conservative prediction. As for the modified method, the left boundary of the modified SCP
zone overlaps with that of the SCC zone. Through the modified method, the overlapped
area between the SCP and SCC zone increases.

3.4. Prediction Accuracy Evaluation

To validate the accuracy of the self-compacting zones accurately, the estimation results
were represented by two accuracy parameters, the relative accuracy ε and the accuracy
index ε′. The SCC zone and the real zone were marked as Zone A, the real zone. The SCP
zone and the predicted zone were marked as Zone B. The overlapping area of the two
zones can be evaluated by ε, as shown in Equation (16).

ε = SA∩B/SA (16)

where SA denotes the area of the SCC zone, SA∩B denotes the intersection area of the SCC
and SCP zones.

The relative position of the two zones can be evaluated by ε′. There are two cases for
the calculation, as shown in Equations (17) and (18).

when SA∩B/SB < 1,
ε′ = SA∩B/SB (17)

when SA∩B/SB = 1,
ε′ = SA/SB (18)

where SB denotes the area of the SCP zone.
ε is always no more than 1. The closer it is to 1, the more the SCP zone is consistent

with the SCC zone. The description of ε′ is multiplex:

1. When ε′ < 1, the partial SCP zone is consistent with the SCC zone, and shows excessive
prediction.

2. When ε′ = 1, the predicted zone is the same as the real zone, and the SCP and SCC
zones are exactly equal to the SCC zone.

3. When ε′ > 1, the predicted zone is conservative, and the SCC zone contains the
SCP zone.

The graphic presentation, formula, and value range of each case are shown in Table 14.

Table 14. Calculation method of the relative accuracy ε and the accuracy index ε′.

No. Graphic Presentation ε SA∩B/SB SA/SB ε′

(1)
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the first step was the calculation of the areas of zones and their intersecting parts. For each
serial paste or concrete test, the nine mix points set up a region, including three Vw/Vp
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units could denote the area, as shown in Table 15.
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Table 15. Areas of SCP zone, SCC zone, and their intersected parts.

Serial No. Method SA SB SA∩B SA∩B/SB

1
Original method 111 112 98 0.88
Modified method 111 181 97 0.54

2
Original method 234 298 224 0.75
Modified method 234 308 225 0.73

3
Original method 233 245 223 0.91
Modified method 233 256 210 0.82

4
Original method 232 218 208 0.95
Modified method 232 199 196 0.98

5
Original method 270 259 253 0.98
Modified method 270 220 209 0.95

For each series of paste or concrete tests, nine mixing points established an area,
including three Vw/Vp levels and three SP% levels. The self-compacting zone contained
nine mix points, with three Vw/Vp levels and three SP% levels. By the bilinear interpolation
method, each self-compacting zone was divided into 441 cells. These cells were all the same
size. Thus, the number of cells can represent the zone’s area. The areas of all the zones and
their intersections are shown in Table 15.

According to the results, SA∩B/SB of each serial is less than one, showing excessive
prediction. Based on the areas calculated, the prediction accuracies were obtained by
Equations (16) and (17). Table 16 and Figure 10 show the prediction accuracies of the
original and modified methods.

Table 16. The prediction accuracies of the original and modified methods.

Original
Method

Modified
Method ∆

Original
Method

Modified
Method ∆

0.87 0.88 1.15% 0.54 0.88 62.96%
0.96 0.96 0.00% 0.73 0.75 2.74%
0.90 0.96 6.67% 0.82 0.91 10.98%
0.84 0.90 5.95% 0.98 0.95 −3.06%
0.77 0.94 20.78% 0.95 0.98 3.16%

Buildings 2022, 12, x FOR PEER REVIEW 18 of 24 
 

Original Method Modified Method Δ Original Method Modified 
Method 

Δ 

0.87 0.88 1.15% 0.54 0.88 62.96% 
0.96 0.96 0.00% 0.73 0.75 2.74% 
0.90 0.96 6.67% 0.82 0.91 10.98% 
0.84 0.90 5.95% 0.98 0.95 −3.06% 
0.77 0.94 20.78% 0.95 0.98 3.16% 

 
Figure 10. The prediction accuracies of the original and modified methods. 

The red lines in Figure 10 represent the accuracies of the modified method. Most of 
the red lines were above the black lines, representing the original method. In the case of 
ε, the minimum increased to 0.88 in the modified method, while it was 0.77 in the original 
method. The value of ε′ calculated with the original method is between 0.54 and 0.98. The 
modified method improved the minimum to 0.75, which is much higher than before. It 
should be noticed that ε′ of serial 4 calculated with the modified method was less than 
when it was calculated with the original method. However, ε of the modified SCP zone 
still increased, showing more accuracy than the original one. 

Moreover, obvious fluctuations could be seen in the original method. That indicated 
that the original method was more likely to cause a misprediction. The prediction results 
of the modified method were more stable. The modified method shows more accuracy in 
guiding the mix design. 

4. The Mix Design Method for Multiplexed Powder SCC 
4.1. The Definition and Basic Steps 

Based on the modified paste thresholds, the performance of SCC can be predicted 
based on paste tests and material property parameters simply. Thus, the mix design pro-
cess can be simplified. The flowability of SCC can be forecasted through the mini-SF test 
of the pastes, thus, the mix design of SCC can be completed without the SCC performance 
test. 

Additionally, the performance prediction, the economic cost, and the compressive 
strength can also be evaluated. As mentioned above, the SCP zone is a set of SCC mix 
points with good self-compacting performance. The X-axis is Vw/Vp, while the Y-axis is 
SP%. The evaluation that can be achieved by the SCP zone has three aspects: 
1. In the SCP zone, the mix point with lower Vw/Vp uses more powder and has higher 

compressive strength, but the economic cost increases. 

Figure 10. The prediction accuracies of the original and modified methods.



Buildings 2022, 12, 1663 18 of 23

The red lines in Figure 10 represent the accuracies of the modified method. Most of
the red lines were above the black lines, representing the original method. In the case of ε,
the minimum increased to 0.88 in the modified method, while it was 0.77 in the original
method. The value of ε′ calculated with the original method is between 0.54 and 0.98. The
modified method improved the minimum to 0.75, which is much higher than before. It
should be noticed that ε′ of serial 4 calculated with the modified method was less than
when it was calculated with the original method. However, ε of the modified SCP zone still
increased, showing more accuracy than the original one.

Moreover, obvious fluctuations could be seen in the original method. That indicated
that the original method was more likely to cause a misprediction. The prediction results
of the modified method were more stable. The modified method shows more accuracy in
guiding the mix design.

4. The Mix Design Method for Multiplexed Powder SCC
4.1. The Definition and Basic Steps

Based on the modified paste thresholds, the performance of SCC can be predicted
based on paste tests and material property parameters simply. Thus, the mix design process
can be simplified. The flowability of SCC can be forecasted through the mini-SF test of the
pastes, thus, the mix design of SCC can be completed without the SCC performance test.

Additionally, the performance prediction, the economic cost, and the compressive
strength can also be evaluated. As mentioned above, the SCP zone is a set of SCC mix
points with good self-compacting performance. The X-axis is Vw/Vp, while the Y-axis is
SP%. The evaluation that can be achieved by the SCP zone has three aspects:

1. In the SCP zone, the mix point with lower Vw/Vp uses more powder and has higher
compressive strength, but the economic cost increases.

2. For the mix points with the same Vw/Vp in the SCP zone, the smaller the SP% is,
the lower the economic cost.

3. It also should be noted that the mix points near the boundaries have less robustness
in prediction than those far from the boundaries.

The SCP zone can help the mix design in many aspects, conducive to the achievement
of the mix with satisfying performance, compressive strength, and cost. The evaluation
trends are shown in Figure 11.
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Thus, the mix design method for multiplexed powder SCC is proposed, the design
process is shown in Figure 12.
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The basic steps of this method are summarized below:

1. The material properties tests. The required parameters include the densities of all the
materials and the size and distribution of the powder particles.

2. The mixes of the tests are preset. Vw/Vp is determined by the compressive strength
requirement, while SP%, G%, and S% refer to the empirical dosage and can be adjusted
if the flowability is insufficient.

3. The paste mini-SF tests are proposed. There are a total of nine tests, with three
levels at SP% and Vw/Vp, respectively. The relevant rheological properties from
Equations (5) and (6) are calculated.

4. The threshold calculations are performed with Equations (9) and (10).
5. Through the threshold criteria, the SCP zone is obtained by the bilinear interpolation

method.
6. The compressive strength, robustness, and cost analysis can be evaluated by the SCP

zone. Thus, the mix proportion of SCC is confirmed.

4.2. Application Cases

Using series 3 as an application example for the mix design method, the details of the
test results are shown in Section 3.3.3. The cost can be accounted for by referring to the
local market price. Cement, FA, sand, gravel, and SP are 396, 380, 110, 97, and 3080 CNY
per ton. There are two cases of the application, the performance-based design and the
strength-based design. In this section, the mix proportion is designed by the proposed
method using the SCP zone and rechecked by the SCC zone.
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4.2.1. Performance-Based Mix Design

For the mix design targeting performance, the SCP zone indicates all the mix points
satisfying the performance requirement. The cost and robustness can be analyzed first,
then the compressive strength can be evaluated by Vw/Vp.

As for series 3, the SCP zone is obtained based on the material and paste tests, as
shown in Figure 13. It suggests that Mix A costs the least and Mix B costs the most.
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If cost is the only factor to determine a mix design, then apparently Mix A is the
best choice. However, considering the robustness, the mix point at the zone boundary
shows a little insecurity. Thus, Mix C with a little less Vw/Vp and more SP% seems to be a
better choice than Mix A. Finally, the compressive strength of this mix proportion can be
evaluated by Vw/Vp, which is obtained as approximately C40 according to [37]. The mix
proportions and their costs are shown in Table 17.

Table 17. The mix proportions and costs of different mix points in performance-based mix design.

Mix No.
Mix Proportion (kg/m3) Cost

(CNY/m3)C FA S G W SP

Mix A 378.6 131.7 808 810 195.1 4.08 379.96
Mix B 403.2 140.3 808 810 182.7 5.43 397.12
Mix C 382.2 132.9 808 810 193.4 4.22 382.28

The cost of Mix C is 382.28 CNY/m3, a reduction of 3.88% from Mix B, and it is also
steadier than Mix A. To recheck the SCC zone, Mix C shows an appropriate performance
of SCC.

4.2.2. Strength-Based Mix Design

For a strength-based design, Vw/Vp can be confirmed first. Then, the cost and
robustness analyses can be conducted through the SCP zone. Finally, an optimized mix
proportion is obtained.

Here is a case of a mix design of C45. The SCP zone can be obtained through the
material and paste test results. Vw/Vp is confirmed based on the compressive strength
requirement first, which was determined to be 1.03 according to [37]. The vertical blue
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dashed line intersecting with the SCP zone consists of all the mix proportions satisfying
both the compressive strength and flowability requirements, as shown in Figure 14.
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Then, the cost and robustness analyses are carried out. Mix D and E are the limit mix
proportions, as the SCP zone indicates. Mix D costs the most, while Mix E costs the least.
Considering the robustness, Mix F, with the same Vw/Vp and more SP% than Mix E, is
supposed to be the better choice. The mix proportions and prices are shown in Table 18.

Table 18. The mix proportions and costs of different mix points in strength-based mix design.

Mix No.
Mix Proportion (kg/m3) Cost

(CNY/m3)C FA S G W SP

Mix A 378.6 131.7 808 810 195.1 4.08 379.96
Mix B 403.2 140.3 808 810 182.7 5.43 397.12
Mix C 382.2 132.9 808 810 193.4 4.22 382.28

The cost of Mix F is 391.25 CNY/m3, a reduction of 0.63% compared to Mix D. It is
also steadier than Mix E. Rechecked by the SCC zone, Mix F is also in the SCC zone and
qualified on the SCC test.

5. Conclusions

This paper studies a mix design method for SCC with multiplexed powders from a
multiscale rheological view. The powder parameters in the multiscale threshold theory
were modified with test results, using D50 and Span to describe the properties of specific
powders. The main conclusions are as follows:

1. The existing threshold theory lacks consideration of the characteristics of the specific
powder. It was found that D50 and Span can describe the properties of the powder.
The powder parameters in the threshold formula, the powder fitting coefficient n, and
the intrinsic viscosity [η], were modified by the impacts that the powder properties
caused.

2. There were 90 groups of self-compacting performance tests in total, including 45 groups
of pastes and 45 groups of SCCs. Based on the test results, self-compacting zones were
obtained. Through the comparison of the predicted zone, the SCP zone, the real zone,
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and the SCC zone, the prediction accuracies were evaluated. It was confirmed that
this improved method is applicable to the multipowder SCC with cement, FA, and LP.

3. The modified method increased the prediction accuracy of the threshold theory.
According to the increment of ε, up to 20.78%, the overlapping area of the modified
SCP zone and SCC zone becomes larger. In the case of ε′, its increment reaches
62.96%, and the relative position of the predicted and real zones increases noticeably
through the modified method. Overall, the holistic prediction accuracy of the modified
method increases.

4. A mix design method for SCC with multiplexed powder was proposed, considering
the flowability, economic cost, and strength comprehensively. Through this method,
the performance of SCC can be predicted based on the test results of the pastes and
the properties of the materials. Thus, the mix design of SCC can be conducted without
SCC tests, which is much easier than previous methods.

However, this research is limited to three types of powders. Further research should
be proposed to prove or expand the applicability of this theory to more kinds of powders.
More powder materials can be considered, such as silica fume and slag, targeting to set up
a general mix design method that can handle various materials.
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