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Self-consolidating concrete (SCC) is a recently developed, innovative construction material. With use of
SCC no additional compacting is necessary due to its high filling ability; as a result, the labor cost of com-
pacting is economical. However, SCC may require stronger formwork that can resist the higher lateral
pressure induced as compared to that for ordinary concrete. This study shows the effects of limestone

filler or fly ash replacement on the formwork pressure and workability retention of a SCC mixture. Port-
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land cement has been replaced with each of the powders in order to enhance its flowability and stability.
It is observed that the powder replacement also increases the formwork pressure and decreases the
workability retention. The effect of powder replacement on the formwork pressure is evaluated with a
proposed two-function model, and discussed in comparison with the rheology of paste.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The inception of self-consolidating concrete (SCC) can be traced
toJapan [1] in the late 1980s, but the use of SCC in the ready-mixed
concrete industry is still in its infancy. Maintaining the self-
consolidating ability of ready-mixed SCC is not easy under
construction site conditions. In addition, highly flowable SCC
poured at a high placement rate can exert higher lateral pressure
on formwork than conventional concrete [2,3]. The challenge of
ready-mixed SCC is to create a balance between sufficient flowabil-
ity and adequate resistance to segregation during transportation
and placing. In order to address these problems, designers have
employed high powder content and have used chemical admix-
tures, such as high-range water reducing admixture (HRWRA)
and viscosity modifying admixture (VMA). The powder type used
includes fly ash or limestone filler as well as Portland cement.

The operating mechanism of the fines in SCC has been investi-
gated by many researchers and is outlined in the ACI 237 Commit-
tee report [4]. An increase of the powder volume improves the
segregation stability of SCC [5]. Proper selection of powdered
materials additionally enhances the packing density of solid parti-
cles, which enables reduction of water or the HRWRA dosage
required to achieve inter-particle sliding, which is related to
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flowability [6]. Better packing not only leads to enhanced flowabil-
ity but also provides higher compressive strength and durability
due to the denser paste matrix [7,8]. Furthermore, pulverized lime-
stone provides nucleation sites for hydration, and hence lends
higher early age compressive strength [9]. The foregoing merits
encourage the use of powder materials, and the ACI 237 Commit-
tee suggests 20-40% as the optimum ratio of inert or pozzolanic
fines replaced for Portland cement, by weight. The fly ash replace-
ment is sometimes more than 50% in special cases, and hence this
is referred to as high-volume fly ash concrete [10].

Designing SCC entails finding the optimum state between self-
consolidating (passing and filling ability) and other factors that
poses challenging issues, such as segregation resistance and form-
work pressure. Segregation resistance is the first and most impor-
tant requirement for an SCC mixture, and hence it is not necessary
to consider mixtures that do not meet a given stability criterion.
Given that a SCC mixture is not segregated, the use of powder
materials can be a means of controlling the workability (or work-
ability retention) and formwork pressure. This study found that
high powder content enhances workability and its retention but
has a negative effect on formwork pressure. The increase of the
formwork lateral pressure results in safety and economical prob-
lems. In an effort to acquire knowledge that will facilitate control
between workability retention and formwork pressure, two impor-
tant tests, slump flow and pressure response of SCC, have been car-
ried out as part of this study. Both tests were applied to SCC
mixtures containing commonly used powder materials: limestone
filler or fly ash.
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2. Experiments
2.1. Sample preparation

A total of nine concrete mixtures were tested, each prepared
with Type I Portland cement, finely ground limestone filler, and
fly ash. Their oxide compositions are listed in Table 1. The micro-
sieving results and the Blaine values reported in Table 2 indicate
that cement, pulverized limestone, and fly ash are in a decreasing
order of fineness. The results of a laser particle size analysis, pre-
sented in Fig. 1, also confirmed that cement is finer than the other
powders and a significant portion of finer particles is present in
pulverized limestone. The Faunhofer method, using isopropyl alco-
hol as a dispersing medium, was employed in the particle size
calculation.

Polycarboxylate-based HRWRA with a specific gravity of
1.00-1.07 was used as a chemical admixture. Aggregates used for
producing concrete were prepared by sieving. The fine aggregate
ranged between 0.15 mm (No. 100 sieve) and 4.75 mm (No. 4
sieve). The coarse aggregate was above the fine aggregate size
and smaller than 9.5 mm (3/8 in sieve).

The concrete samples for the test were prepared with the com-
positions listed in Table 3. The use of a high powder content,
546 kg/m>, provided sufficient resistance to segregation. The

Table 1
Oxide composition of the powders.
Oxide Cement Limestone filler Fly ash
Si0, 19.7 1.37 42.47
Al,03 4.8 0.32 26.01
Fe,03 2.8 0.119 8.44
Ca0 63.9 54.38 14.01
MgO 2.5 0.67 3.15
SOs 2.6 0.086 1.57
Equivalent alkalis 0.52 - 0.56
Free lime 1.57 Not available Not available
Loss on ignition 24 Not available 1.05
Table 2
Physical characteristics of the powders.
Property Cement Limestone Fly
filler ash
Percent passing by No. 325 sieve 96.4 60.0 51.7
(45 pm)
Blaine value (m?/kg) 380 367 287
Specific gravity 3.15 2.72 2.44
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Fig. 1. Particle size distribution of the dry powders.

water-to-powder ratio was 37% by weight, and the paste volume
calculated with the specific gravities of raw materials was approx-
imately 39%. The control mixes, Group C, used cement only as pow-
der. Three control mixes incorporating different HRWRA dosages
were prepared for comparison. From the results, only Mix C8 incor-
porating 0.8% HRWRA could be considered as SCC showing ade-
quate flowability.

Groups G and H are the samples in which cement was partially
replaced with pulverized limestone and fly ash, respectively, main-
taining the same water-to-powder ratio. The replacement ratios by
weight were 30%, 40%, and 60%, in sequence. Replacing cement
with fly ash or limestone filler further increases the paste volume
of concrete, because the specific gravity of the replacements are
lower than that of cement. The aggregate content by weight was
constant for all samples, and was composed of 40% sand and 60%
gravel. The main requirements when fabricating the samples were
to attain a slump flow (dy) of 72 + 2 cm and no visual segregation,
as defined by ASTM 1611-05 [11]. To fulfill these requirements,
the dosage of HRWRA was adjusted for each mixture. A planetary
mixer with a total mixing time of 10 min was used to produce
about 15 L of SCC mixture.

2.2. Formwork pressure test

The form pressure was measured by a laboratory device devel-
oped in a previous study [12]. The device is capable of simulating
various casting situations, such as the change of concrete head
heights and placement rates. The pressure vessel is a 1 cm thick,
15 cm inner diameter, 30 cm tall rigid metal cylinder that can be
divided into two halves. The apparatus is capable of holding about
8 L of concrete and is thoroughly sealed when used. The vertical
load was applied mechanically to the concrete sample surface,
using a steel piston loaded by a closed-loop hydraulic testing ma-
chine, and a 22 kN load cell was fitted to measure the applied load.
While vertical pressure was applied, the horizontal pressure was
considered as the formwork pressure of the SCC sample. The hori-
zontal pressure was gauged by a pressure cell of 350 kPa capacity
positioned at the mid-height of the cylinder. While the vertical
pressure was applied to a concrete sample, the change of horizon-
tal pressure over time was recorded. The fresh concrete sample
was subjected to a stepwise loading protocol for 2 h beginning at
the age of 30 min; the vertical load was increased in every
30 min with 60 kPa.

The formwork pressure measurement was quantified using a
two-function model previously developed by the authors
[13-15]. The model analyzed the lateral-to-vertical pressure ratio
with instantaneous and delayed responses. The instantaneous
function p is defined as the pressure ratio at the time when vertical
pressure is applied: B(t')= Ao (t')/Act'), where Agi(t') and
Aoy(t') are the increase of lateral and vertical pressure at time t/,
respectively. The delayed function « indicates the sustaining por-
tion of the pressure ratio over time t > t, where t' is the loading
time of pressure: a(t, t')= Aay(t, t')/(B(t')- Aot')), where Ao(t,
t') is the lateral pressure change over t > t' with respect to Aag(t').
The following equation establishes the relationship to calculate the
lateral pressure o;(t, t') if an increment of vertical pressure Aag(t')
is applied:

Aai(t,t') = a(t, ) B(t) Aay(t). M

Both functions are the material properties representing the
formwork pressure behavior of an SCC mixture, and various exper-
imental measurements showed that they could be simplified in the
form of a linear function [14]. The instantaneous function linearly
decreases with respect to the loading time g(t')=1—b - t/, where
the instantaneous coefficient of b is introduced. The delayed func-
tion also linearly decreases for the duration of loading (t — t'), and
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Table 3
Mix proportion and test results for SCC.
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Mix Composition in kg for 1 m*? Test result
w C LF FA S G HRWRA dy (mm) rw(h™) b (h™") a(h™)

6 191 546 - 665 997 3.28 (0.6%) 445 - 0.288 0.313
Cc7 191 546 - - 665 997 3.82(0.7%) 600 - 0.284 0.483
Cc8 191 546 - - 665 997 4.37 (0.8%) 700 1.34 0.117 0.415
G1 191 382 164 (30%) - 665 997 4.37 (0.8%) 725 1.01 0.052 0.404
G2 191 328 218 (40%) - 665 997 4.37 (0.8%) 730 1.06 0.015 0.191
G3 191 218 328 (60%) - 665 997 3.28 (0.6%) 720 1.55 0.197 0.336
H1 191 382 164 (30%) 665 997 3.82 (0.7%) 750 1.19 0.061 0.498
H2 191 328 - 218 (40%) 665 997 3.82(0.7%) 730 0.986 0.006 0.179
H3 191 218 - 328 (60%) 665 997 3.82 (0.7%) 710 0.977 0.004 0413

2 W, C, LF, FA, S, G, and HRWRA denote water, cement, limestone filler, fly ash, sand, gravel, and high-range water-reducing admixture, respectively.

Ts < Tapplied

7—0 >7
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Fig. 2. Illustrative explanation of both yield stresses.
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the rate of decrease is proportional to the loading time: do/
dt=—a?- t'. Consequently, the delayed function is simplified as
oft,t)=1—a?-t -(t—t) with the delayed coefficient of a. The
material properties for formwork pressure can be represented by
the values of both coefficients, and the formwork pressure can be
estimated by following the developed model presented in the
Appendix.

Fig. 4 shows the applied and measured pressure in the vessel,
where a stepwise vertical load was constructed with
Ao(0)=Ac(0.5)=Aa(1.0) = Ac(1.5) = 60 kPa at time points of
0, 0.5, 1.0, and 1.5 h after casting, respectively. The values of B(t')
were evaluated with instantaneously measured horizontal pres-
sure: B(t')=Ao(t,t')/Ac\(t'). The evaluated data points are
marked on Fig. 5a and c. The decreasing slope of the measured
horizontal pressure determines the delayed function, and hence
those values are calculated for each step: dof(t,t')/dt = Aay(t,t')/
(B(t) - Ao(t)) for £ <t<t +0.5. The data points for the delayed
function are marked on Fig. 5b and d. Both functions are assumed
to be a linear function of loading time and finally simplified by
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Fig. 4. Formwork pressure measurement of Groups G and H.
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linear regression, as explained in the last paragraph. The linear
coefficients (b and a) corresponding to  and « are reported in Ta-
ble 3. The increase of each coefficient indicates a lower formwork
pressure.

The formwork lateral pressure was obviously less than the
hydrostatic pressure (equal to the applied vertical pressure), as
shown in Fig. 4. The replacement generally increased the formwork
pressure, which should be quantitatively evaluated based on the
two-function model. It should be beforehand noticed that the
HRWRA also affects the formwork pressure and that the instanta-
neous coefficient (b) is more important than the delayed coefficient
(a) for determining the peak formwork pressure, as reported in a
previous study [14]. Given that SCC mixtures have the same slump
flow (the same level of flowability), a high HRWRA dosage de-
creases the instantaneous coefficient (b). A lower instantaneous
coefficient by definition denotes higher formwork pressure.

The powder replacement effect was evaluated with control Mix
C8, which displays sufficient slump flow (above 700 mm listed in
Table 3) as an SCC mixture, as a reference. The limestone filler
replacement increased the formwork pressure: Mixes G1 (30%)
and G2 (40%) showed lower instantaneous coefficients, 0.052 and
0.015, respectively, than Mix C8 (b=0.117). However, Mix G3
(60%, b =0.197) provided a reduction of formwork pressure, which

= G2
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< 03
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might be due to the use of lower HRWRA dosage [14]. The fly ash
replacement also increased the formwork pressure, as seen from a
comparison of Group H with control Mix C8. Each mix of Group H
gave a lower instantaneous coefficient than that of Mix C8 even
though a smaller dosage of HRWRA was needed to obtain enough
slump flow over 700 mm. In other words, the HRWRA dosage for
the SCC mix using fly ash is clearly reduced to obtain the target
slump flow but the mix gives higher formwork pressure.

It should be noted that, in a previous study [12], when 30% of
cement was replaced by Class F fly ash the formwork pressure
was reduced and when Class C fly ash was used no difference
was observed. In that study, the replacement ratio of fly ash was
the volume ratio and the average sizes of the fly ash were finer
than that of cement. Clearly the physical and chemical properties
of fly ash influence the evolution of formwork pressure. Similarly,
it should be noted that the limestone filler used in this study is
coarser than that used in many prior studies.

2.3. Flowability retention
The SCC flowability was enhanced by powder replacement, as

listed in Table 3. A small increase of the slump flow is found in
Mixes G1 and G2, 725 mm and 730 mm, respectively, compared
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Fig. 5. Formwork pressure response of Groups G and H.
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Fig. 6. Workability retention measurement of Group G and H.
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Fig. 7. Correlation between workability retention and formwork pressure.

to Mix C8 (700 mm) having the same dosage of HRWRA (0.8%). Mix
G3, wherein cement was replaced with 60% limestone filler, exhib-
ited 720 mm slump flow even with less HRWRA dosage (0.6%). All
mixes in Group H also showed higher slump flow compared to Mix
C7 having the same HRWRA dosage (0.7%, 600 mm).

The flowability retention was investigated by repeating the
slump flow test at various intervals, up to 1.25h after mixing.
The mixes were kept in a covered container and then the slump
flow test was performed again at 0.25h, 0.75 h, and 1.25 h later.
Each slump flow test was preceded by 2 min remixing. A quantita-
tive flowability retention factor (r) was defined with the measured
slump flow as follows: (1) the slump flow is first normalized with
the diameter of the Abraham cone (dy = 200 mm); and (2) the data
were then fitted into a linear function having a slope of -r. The
regression used the following equation:

AR 1N 2)

where d(t) is the slump flow measured at time t. An increase of r
indicates poorer flowability retention.

The slump flow was repeatedly measured for 1.5 h after mixing,
as shown in Fig. 6. The flowability retention factor (r), as reported
in Table 3, was also influenced by the replacement ratio. Note that,
in general, replacing cement with fly ash or limestone filler en-
hances the retention of slump flow. In Fig. 7, the retention factor
(r) is compared with the instantaneous coefficient (b). A linear cor-
relation exists between these two parameters; that is, with faster
loss of slump flow (a higher retention factor), the amount of form-
work pressure accordingly decreased (a higher value of instanta-
neous coefficient). In other words, the powder replacement has a
negative effect on formwork pressure but helps to retain flowabil-
ity for a longer time.

2.4. Rheological test for paste

The flowability of an SCC mixture is controlled by the rheolog-
ical performance of the paste. The SCC mixes used the same
amount of aggregates, and hence measuring the paste rheology
does not deviate from the main focus of investigating the powder
effect. For each mix the same water-to-powder ratio of 35% and
0.15% HRWRA dosage with respect to the powder weight were
used. Table 4 shows the mix proportions of the paste samples.
Paste Mixes LF30, LF40, and LF60 have the same limestone filler
replacement ratio as SCC Mixes G1, G2, and G3, respectively. Group
FA is also comparable to Group H. Approximately 1 L of paste was
mixed using a small planetary mixer for about 10 min, following a
similar mixing protocol to that described in a previous study [16].

Table 4

Mix proportion and test results of paste.
Mix Composition in g for 1L Test result

w LF FA HRWRA di (mm) t4(Pa) t,(Pa)

CP 189 539 - - 0.8 (0.15%) 186 321 2.41
LF10 189 485 54 - 0.8 (0.15%) 197 28.9 2.81
LF30 189 377 162 - 0.8 (0.15%) 235 17.1 2.71
LF40 189 323 216 - 0.8 (0.15%) 271 8.21 2.03
LF60 189 216 323 - 0.8 (0.15%) 227 15.0 1.28
FA10 189 485 - 54 0.8(0.15%) 164 343 3.78
FA30 189 377 - 162 0.8 (0.15%) 213 20.7 2.51
FA40 189 323 - 216 0.8 (0.15%) 218 17.2 2.53
FA60 189 216 - 323 0.8(0.15%) 307 3.88 8.03

We performed a mini-slump flow test on the paste samples
using a Higermann cone with dimensions of 100 mm-lower diam-
eter, 70 mm-upper diameter, and 50 mm-height. The prepared
sample showed high fluidity without any bleeding or water halo
(good consistency). The test results obtained immediately after
mixing are listed in Table 4.

The rheological properties, especially the yield stress, were
measured with a rheometer (Haake RS 150, Thermo Fisher Scien-
tific Inc.) with a concentric cylinder configuration having a gap size
of 0.85 mm. The yield stress depends on the loading protocol ap-
plied to the sample. In this study, two states of yielding are de-
fined: (1) static yield stress, 7, when a sample is in a stationary
condition; and (2) dynamic yield stress, 74, measured when a sam-
ple is flowing.

The concepts of both yield stress definitions can be explained
for the slump flow test, as illustrated in Fig. 2. The mixture used
to fill the slump cone is placed at rest, and lifting the cone triggers
the application of shear stress induced by its self-weight. Shear
stress momentarily develops and the mixture yields to flow. The
first yielding experienced by the mixture is due to the increased
shear stress on the stationary mixture; hence it is referred to as
‘static’ yield stress. The shear stress-control protocol to measure
the static yield stress reproduces the initial disturbance on the sta-
tionary mixture. Afterward, the mixture released from the cone
spreads until its yield stress equilibrates with the applied shear
stress, determined by its outward-sliding slope. The mixture expe-
riences a second yielding, related to the final diameter of slump
flow, while it is flowing (non-zero shear strain rate); this is known
as ‘dynamic’ yield stress.

The dynamic yield stress is often used to characterize mixture
rheology. The flow curve of a sample is obtained while the shear
strain rate is increasing, and the yield stress is then determined
from the measured flow curve. The shear rate-control protocol sub-
jects a sample to flow even under the yield stress (see Fig. 3a). The
concept of the dynamic yield stress has been widely adopted, for
example, in the studies by Tattersall and Banfill [17] and De Larrard
et al. [18]. One of the analysis methods was selected from a previ-
ous study [16]. The protocol starts with pre-shearing at a 600 s~!
shear rate and a 60 s rest period. The flow curve is then recorded
while the shear strain rate is ramped up to 300 s~ for 4 min. Fit-
ting the measured flow curve into a modified Bingham model:

T="1y4 (1 —exp G—Z)) + Uy, (3)

determines the dynamic yield stress (z4), where 7. and u are the
critical strain rates corresponding to the dynamic yield stress and
the plastic viscosity, respectively. The dynamic yield stress refers
to the front end of linear flow curve, and hence the cement paste
shows Bingham fluid behavior (a constant plastic viscosity) only
when 7> 74.
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Fig. 8. Limestone filler replacement in the paste samples.

The static yield stress was measured by controlling the rate of
shear stress, rather than the rate of shear strain. If the shear stress
applied to samples is gradually increased, the angular velocity of
the sensor is always zero until the applied shear stress exceeds
the yielding of the sample at rest. The static yield stress was mea-
sured by ramping up the applied shear stress by 1 Pa/s. The shear
stress increases continuously after yielding, and the time to ap-
proach the shear strain rate of 100 s~!, varying according to the
mix proportion, is in a range of 1-2 min. Fig. 3b shows the flow
curve measured by the shear stress-control protocol. Both proto-
cols were applied to all paste mixes, and the measurement results
immediately after mixing are reported in Table 4.

In addition, the change of static yield stress with a rest period
was also measured up to 2 h after mixing. A total of four replicated
specimens from individual batches with the same mix proportion
were used for measurements at 0 h, 0.5 h, 1.0 h, and 1.5 h. The rep-
licated specimens were placed in the rheometer until each mea-
surement time. The authors believe that the evolution of the
static yield stress was related to the formwork pressure response,
because a mixture placed in a formwork does not flow but instead
stiffens in a stationary condition.

3. Discussion based on rheological measurement
3.1. Limestone filler

The hydrodynamic interaction of SCC constituents reportedly
addresses the flowability of the mixture, because the granular skel-
eton volume fractions of SCC mixtures are generally smaller than
the transition point from frictional interaction-dominant rheology
[19]. The aggregate volume fraction of the Group C mixes was 61%,
and the others mixes had lower values. It is again important to
note that the powder replacement increased the volume of the
paste. The increase of paste volume (a decrease of the aggregate
volume fraction) is one of the possible explanations for the in-
creased flowability.

In addition, the powder replacement is thought to change the
paste itself. The hydrodynamic interaction is also governed by
the properties of the suspension medium, the paste in this case.
The powder replacement enhanced the consistency of the paste
samples, as seen by the values of the mini-slump flow in Table 4.
Even though the number of data is not sufficient to develop a
regression model, the increase of mini-slump flow is clearly related
to the decrease of the dynamic yield stress, as shown in Fig. 8a. The
dynamic yield stress is inversely correlated with the mini-slump

flow, as also reported in the literature [16,20]. The yield stress gov-
erning the flowability can be formulated as a function of ¢/@n,
similar to the Krieger-Dougherty equation for plastic viscosity,
where ¢ and ¢, are the solid volume fraction and the packing den-
sity of a concentrated suspension, respectively [21-23]. The pack-
ing structure of the blend powder suspension is attributed to the
particle size distribution, shape, water retention, and flocculating
and agglomerating intensity [24,25]. Even though several tech-
niques can be used to determine the packing density, including la-
ser scanning microscopy [26], void fraction measurement [27], and
viscosity-measured inverse estimation [28], it is still not easy to
obtain consistent measurements. This is due to the inherent char-
acteristics of cement-based materials, such as a shear-dependent
flocculating microstructure. Despite the lack of packing informa-
tion, it is likely that heterogeneous systems incorporating replace-
ment powder provide a higher packing density than that of each
constituent, as theoretically verified by Stovall et al. [29]. Widening
the particle size distribution by blending two particles increases
the packing density of pastes.

The pressure response is related to another measurement of
rheology. The static yield stress follows the microstructure evolu-
tion of the paste samples. Interfacial forces due to physical and/
or chemical reaction between particles, such as particle interlock-
ing, provide a source of resistance against shear stress applied to
the pastes at rest. The evolution of static yield stress is plotted in
Fig. 8b. It can be seen that, compared to cement paste, 30% and
40% replacement of limestone filler gave a lower value of static
yield stress while 60% replacement gave a higher value. The values

0.24
b=3.51,-033
R*=10.985

0184 G3-LF60
£ 012 A
= C8-CP

0.06 4 G1-LF30-

G2-LF40
0 T T T
0 0.05 0.1 0.15 0.2
7, [kPa]

Fig. 9. Correlation between static yield stress and formwork pressure.
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Fig. 10. Fly ash replacement in the paste samples.

of static yield stress at 1.5 h are correlated to the value of form-
work pressure, as shown in Fig. 9. Slower stiffening of paste mea-
sured by the static yield stress leads to higher formwork pressure.

3.2. Fly ash

In the same manner as limestone filler, the fly ash replacement
generally enhanced the flowability of cement paste as well as that
of SCC. Fig. 10a shows an increase of mini-slump flow and a de-
crease of dynamic yield stress. However, the cement paste samples
having fly ash did not show a clear trend in the evolution of static
yield stress. The static yield stress quickly increased at 30 min and
decreased afterward, as shown in Fig. 10b. Considering the very
early age, the observed change leads us to infer that ettringite for-
mation contributed to this phenomenon. The high lime (14%) and
alumina (26%) content of the fly ash used also supports the argu-
ment of ettringite contribution. A considerable amount of alumi-
nate would react with water and develop ettringite [30,31]. The
needle-shape crystalline of ettringite anchors and locks the solid
particles in a concentrated solution, resulting in thickening of the
fresh mixture. Extremely high static yield stress was measured in
some cases, including a value higher than 400 Pa for Mix FA40.
The conversion of ettringite to monosulfate might account for
the subsequent decrease of static yield stress. The lack of a sulfate
phase causes ettringite to transform into monosulfate, which re-
quires less sulfate phase for its stabilization [30,31]. Monosulfate
crystallizes as thin hexagonal plates while the ettringite needles
disappear, which weakens solid particle interlocking.

4. Conclusions

The use of powder materials is beneficial to produce inexpen-
sive and environmentally-friendly SCC. Replacing Portland cement
by limestone filler or fly ash increases the flowability and its reten-
tion of SCC. The enhanced flowability was investigated with the
measured rheology of paste in this study. Replacing Portland ce-
ment with limestone filler increases the slump flow and decreases
the dynamic yield stress as the replacement ratio increases. Using
fly ash provides the optimum value of 40% replacement in terms of
flowability. However, both powders produced an increase of form-
work pressure over the control mix. The effect of powder replace-
ment may vary according to the physical and chemical properties
of the powder, but the overall trend is thought to be consistent.
The flowability retention is improved at the expense of formwork
pressure, which means an SCC mix showing good flowability reten-
tion gives high formwork pressure.
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Appendix A

The Center for ACBM has conducted a series of studies in order
to accurately evaluate and estimate formwork pressure exerted by
SCC [32]. As a result of these investigations, an intrinsic model
using two functions was proposed and verified for the purpose of
the studies. A simplified model can provide a peak pressure if the
instantaneous and delayed coefficients (b and a, respectively) are
obtained for a given SCC mixture. The peak pressure would be
3.6wR when the casting time is longer than 7 h, but otherwise is gi-
ven as a function of casting time (t):

B b, @, bd
p(t)_wR(tzt -5t +ﬁt4 )

where w and R are the unit weight of concrete and the placement
rate, respectively. If a column or wall having a height of h is cast,
the total casting time would be t=h/R. For example, if SCC Mix
G3 having w=25KkN/m?, b=0.197h"!, and a=0.336 h™!, as seen
in Table 3, is used, the calculation results of the peak formwork
pressure will be as presented in the following table.

Placement rate 2 m/h 6 m/h

3 m tall 61 kPa for 1.5 h 71 kPa for 0.5 h
member casting casting

5m tall 83 kPa for 2.5 h 113 kPa for 0.8 h
member casting casting

7 m tall 88 kPa for 3.5 h 151 kPa for 1.2 h
member casting casting
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