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� Self-consolidating concrete with varying compositions was prepared.
� The influence of thixotropy on the formwork pressure was evaluated.
� Four thixotropy determination test methods were compared.
� New models were developed to estimate formwork pressure of SCC.
� Thixotropy and time is the functions of the models.
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In this experimental study, the influence of thixotropy determined by different test methods on the form-
work pressure of self-consolidating concrete (SCC) with varying compositions was investigated. In order
to determine the effect of water/binder (w/b) ratio, slump flow diameter and coarse aggregate/total
aggregate (CA/TA) ratio on thixotropy and formwork pressure of SCC, fifteen concrete mixtures were pre-
pared. Four different test methods i.e., ‘‘structural break-down area” (SBDA), ‘‘break-down percentage”
(BDP), ‘‘drop in apparent viscosity” (DAV) and ‘‘yield value at rest” (YVR) were performed to determine
the thixotropy of the SCC mixtures. Test results showed that the SBDA, DAV and YVR methods were more
appropriate to evaluate the thixotropy of SCC than the BDP method. A strong correlation between thix-
otropy and formwork pressure was found using SBDA, DAV and YVR methods in SCC mixtures having low
w/b ratio. There was a strong relationship between thixotropy determined by SBDA, BDP and DAV meth-
ods and formwork pressure in low slump flow SCC mixtures, while thixotropy determined by the YVR
method showed good correlation with the formwork pressure in SCC mixtures having high slump flow
values. Finally, new models were developed to estimate the formwork pressure of all kinds of mixtures
as a function of thixotropy and time. The models were found to be successful for each of the thixotropy
measurement method.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Self-consolidating concrete (SCC) can fill in the formwork com-
pletely without vibration requirement for placing and compaction
[1]. The fluid consistency and high cohesiveness of SCC makes it
easier to fill the formworks densely. SCC can provide shorter
construction period, less labor costs and lower noise level during
casting operations. Hardened SCC has lower permeability and
better mechanical and durability performance than the conven-
tional concrete [2–4]. However, the higher amount of binder and
chemical admixtures in SCC than those in conventional concrete
is the major disadvantage of SCC in terms of concrete cost [5]. In
addition, its high pressure applied on formwork on site is another
disadvantage [6].

Thixotropy is the property of decreasing viscosity under a con-
stant shear stress or shear rate in time and returning the initial
state gradually when the shear stress or shear rate effect is
removed [7]. Thixotropy of the concrete is mainly affected by the
properties of concrete constituents and mix proportions such as
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Table 1
Chemical composition and some physical properties of the binders.

Composition (%) Portland cement Fly ash

SiO2 21.72 56.20
Al2O3 5.96 25.34
Fe2O3 3.60 7.65
CaO 60.78 1.64
MgO 2.64 1.80
K2O 0.75 1.88
Na2O 0.17 1.13
SO3 2.17 0.32
Loss on ignition 2.01 2.10
Specific gravity 3.07 2.31
Initial setting time (min.) 70 –
Final setting time (min.) 205 –
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the chemical composition, fineness, and the setting time of the
cement, water/cement (w/c) ratio, amount of fine or coarse
aggregate, type and dosage of chemical admixtures as well as mix-
ing and vibration processes. In order to investigate the effect of w/c
ratio on SCC thixotropy, Khayat and Assaad [8] prepared three dif-
ferent SCC mixtures with w/c ratios of 0.36, 0.40 and 0.46. The low-
est initial and equilibrium torque values were obtained in the
mixture having w/c ratio of 0.46. The thixotropy was reported to
decrease upon increasing w/c ratio. This was mainly attributed to
the decreased superplasticizer demand of the mixtures having high
w/c ratio. Assaad et al. [9] observed the effect of mineral admix-
tures on the thixotropy of SCC mixtures. The SCC mixture having
4% silica fume in the cement showed lower thixotropic behavior
than the SCC mixture having binary replacement of 4% silica fume
and 22% fly ash by weight of cement. With the use of 22% fly ash
which was finer than the portland cement, the fineness of the bin-
der increased and this promoted the interaction between the
cement particles, resulting in an increase in the thixotropy of the
SCC mixture. Assaad [10] examined the effects of the consistency
and temperature of the concrete during casting on thixotropy of
SCC mixture. Three different SCC mixtures with slump flow values
of 550 mm, 650 mm and 750 mm as well as a conventional con-
crete mixture with the slump value of 220 mm were prepared. It
was observed that the yield stress, thus the initial torque, of SCC
mixtures with low slump flow values were higher than those of
the mixtures with high slump flow. As the mixtures with lower
slump values included less superplasticizer, there was higher
interaction between the particles. In order to investigate the effect
of temperature on thixotropy, SCC mixtures were prepared at 10
�C, 20 �C, and 30 �C. Test results indicated that the higher the tem-
perature of the concrete, the higher the thixotropy. The rise of tem-
perature increased the rate of hydration of the cement resulting in
an increase in higher yield stress and initial torque value of the
concrete mixture.

In the reinforced concrete constructions, the cost of the form-
work constitutes 40% to 60% of the concrete cost [11]. In order to
reduce the formwork cost, the long standing method of reducing
the lateral formwork pressure has been used. There has been a
great number of laboratory and field work to determine the effects
of fresh concrete characteristics on formwork pressure [6,8,10].
Formwork pressure becomes more important as the height
increases, which forces the researchers to take measurements in
the field or to mimic similar conditions in the laboratory [12]. Var-
ious methods have been developed in the laboratory in order to
measure formwork pressure for excessive heights. For example,
in some studies, SCC mixture was placed into the formwork and
compressed air is applied onto the SCC mixture [13,14]. In some
others, SCC mixture was placed into 150 � 300 mm cylindrical
molds and pressure is applied with a hydraulic pressure on the sur-
face of the SCC mixture [15].

Fresh SCC can be considered as a suspension with solid particles
or as a liquid with high viscosity. This leads to an approximation of
hydrostatic pressure for calculating the formwork pressure, which
results in an overestimation of the actual pressures [10] and leads
to overdesign and cost for the formworks. CEBTP [16] indicated
that the pressure of SCC which was cast in a 12-meter-high form-
work is 35% less than the hydrostatic pressure at the bottom of the
formwork. Ovarlez and Roussel [17] stated that when the thixo-
tropy is high and the casting rate is low, concrete starts to behave
as a solid rather than a liquid and as a result, its lateral formwork
pressure is lower than the hydrostatic pressure. In addition, as it is
supposed that the formwork pressure of SCC is higher than that of
the traditional concrete, the placing height (or lift) of fresh SCC
mixture is also limited [17,18]. The most comprehensive studies
on the effects of SCC on lateral formwork pressure were started
in 2001 by Khayat and Assaad. In these studies, it was found that
an increase in the volume of coarse aggregate [10], a decrease in
w/c ratio [8] and the amount of binder [19,20], and using mineral
admixtures (silica fume, fly ash, and ground granulated blast fur-
nace slag) [10] decreased the formwork pressure. The decrease in
formwork pressure in time increases by the increase in the amount
of binder [19,20], water/cement ratio [8] and temperature of SCC
[21], as well as a decrease in the superplasticizer demand [8], pres-
ence of viscosity modifying and set accelerating admixtures
[22,23] and the reduction of consistency [10]. The general conclu-
sion of the studies made by Assaad et al. [9] and Assaad [10]
reveals that the increase in the thixotropy of SCC decreases both
the maximum lateral formwork pressure of SCC after the initial
casting and the lateral pressure drop with time.

Attempts have been made in several studies [17,24–35] to
model the SCC formwork pressure in the laboratory and a num-
ber of experts representing these models gathered in Stockholm,
Sweden to carry out a field evaluation [36]. Eight instrumented
wall elements were cast with SCC using different mix designs
as well as various casting rates. The predicted formwork pres-
sures were compared with the actual values. The models were
found to predict the lateral form pressure satisfactorily. The
regression coefficients (R2) for the methods ranged between
0.69 and 0.86 [36].

In this study, it is aimed to compare the different test methods
for determination of thixotropy and to evaluate the effect of mix
design parameters (w/b ratio, slump flow diameter and coarse
aggregate/total aggregate ratio) on thixotropy and formwork pres-
sure of SCC mixtures. For this purpose, fifteen SCC mixtures were
prepared and four different test methods were used for determin-
ing thixotropy. Then, the influence of thixotropy on the formwork
pressure was evaluated.

Another object of the study was to propose new models to pre-
dict the SCC formwork pressures. The new models were based on
the model given in [25,29]. Different from that model, the thixo-
tropy values obtained from different methods were included in
the new models.
2. Materials and methods

2.1. Materials

In this study, a CEM I 42.5 R type cement and a Type F fly ash were used as bin-
ders. Physical and chemical properties of the binders are given in Table 1.

A crushed limestone aggregate of two different size fractions (0–4 mm and 4–
16 mm) was used in the concrete production. Sieve analysis of the fine and coarse
aggregate is given in Table 2. The saturated surface dry specific gravity values of fine
and coarse aggregate, determined in accordance with EN 1097-6 [37], were 2.61
and 2.64, respectively. Water absorption capacity of the fine and coarse aggregate
[37] was found to be 0.67% and 0.21%, respectively. A polycarboxylic ether based
high range water reducing admixture (HRWR) having a specific gravity of 1.10
was used.
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Table 2
Sieve analysis of fine and coarse aggregate.

Sieve size, (mm) Passing, (%)

0–4 mm 4–16 mm

16 100 100
8 100 42
4 100 2
2 75 0
1 53 0
0.5 27 0
0.25 14 0
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2.2. Preparation of SCC mixtures

In order to determine the thixotropy and formwork pressure, mixtures having
three different w/b ratios (0.35, 0.42 and 0.50) were prepared with three different
target slump flow diameter values (550, 650 and 720 ± 20 mm). Besides, for a con-
stant slump flow diameter of 650 mm, a series of mixtures with CA/TA ratios (by
mass) of 0.45, 0.50 and 0.53 were prepared. The cement (415 ± 4 kg/m3) and fly
ash (125 kg/m3) contents of all mixtures were kept constant. The amount of HRWR
was determined by trial and error to obtain target slump flow diameter values. Mix-
ture proportions of 15 different SCC mixtures are given in Table 3. The mixtures are
designated by w/b ratio (in percent)/CA-to-TA ratio (in percent)/and slump flow
diameter (in cm), respectively. For example, 35/50/65 denotes the mixture having
0.35 w/b ratio, 0.50 CA/TA ratio and 650 mm slump flow.

Coarse and fine aggregate were mixed in the mixer with one third of the mixing
water. Portland cement and fly ash were then introduced into the mixer and mixed
with the rest of water containing HRWR. The total mixing operation continued for
eight minutes then the slump flow was measured in accordance with EFNARC
guideline [1].

2.3. Determination of thixotropy

The thixotropy tests were conducted by using ConTec 4SCC rheometer equipped
with modified Tattersall type impeller. The thixotropy tests were conducted imme-
diately after the preparation of the SCC mixtures, and repeated at 90 and 150 min
after mixing. Thixotropy of SCC mixtures was determined by four different meth-
ods; i.e. ‘‘structural break-down area” (SDBA) method [38], ‘‘break-down percent-
age” (BDP) method [39], ‘‘drop in apparent viscosity” (DAV) method [10] and
‘‘yield value at rest” (YVR) method [40].

In accordance with the SDBA method proposed by Lapasin et al. [38], the fresh
SCC mixture was placed into the rheometer container, left at rest for 5 min and
exposed to shear at a constant rotational speed of 0.2 rps. After a 5-min rest, the
concrete mixtures were exposed to shear at speeds of 0.4, 0.6, and 0.8 rps. The shear
duration for each speed was 10 s. These speeds and the shear duration were deter-
mined according to the rheometer capacity and the other studies in the literature
[8,9,19]. Although the mixtures reached to the equilibrium state within about six
seconds, for the reliability of the results, the durations were extended to 10 s for
each speed value. An example data set obtained from the sample (w/b: 0.35, CA/
TA: 0.50, slump flow: 650 mm), which was tested with this method, can be seen
in Fig. 1. For each speed, time-dependent changes in torque were observed and ini-
tial as well as equilibrium torque values were determined. The equilibrium torque
values are the average of twelve values belonging to the last three seconds (the
rheometer records four torque values per second). The torque values thus deter-
mined were plotted against rotational speed values as shown in Fig. 2. For these
points, a second-degree polynomial trend line was fitted in order to find an equa-
tion. The correlation coefficient was found to be higher than 0.90 for all SCC mix-
tures. Then, the area between the two curves was calculated by integration of the
equations and was identified as the structural break-down area.

In accordance with the BDP method proposed by Lin [39], the data taken for the
SDBA method were used. The initial torque and equilibrium torque values for 0.4
rps speed were considered (Fig. 2). The difference between these values was divided
by the equilibrium values and the results were expressed in percentages, as shown
below.

Break� down percentage ¼ initial torque� equilibrium torque
equilibrium torque

� 100

In the DAV method proposed by Assaad [10], the data taken for the SDBA
method were used. However, the difference between initial and equilibrium values
for 0.4 rps speed was divided by the rotational speed (0.4 rps).

Dropinapparent viscosity ¼ initial torque� equilibrium torque
rotational speed

In the YVR method proposed by Dzuy et al. [40], fresh SCC mixtures were
exposed to shear at a very low constant speed (0.03 rps) after a 5-min rest. During
the tests, time-dependent changes in torque values were recorded. The maximum



Fig. 2. Calculation of structural break-down area.

Fig. 3. Time-dependent change in torque for YVR.

Fig. 1. Time-dependent change in torque at four different rotational speeds.
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torque value was taken as YVR. For example, the torque-time relation of 35/50/65
mixture exposed to 0.03 rps shear speed is shown in Fig. 3.

2.4. Determination of formwork pressure

During thixotropy tests, formwork pressure was also measured simultaneously.
For this measurement, a steel pressure formwork (200 � 200 mm square cross sec-
tion and 700 mm height) with an airtight lid on top was used (Fig. 4). The pressure
was measured by pressure sensors which transferred the data to a computer via a
data acquisition device. The sensors were placed at the heights of 50 mm, 200 mm
and 350 mm above the bottom. The fresh concrete mixtures were cast into the
formwork at a rate of 5 m/h. Meanwhile, the sensors started to record the pressure
data. As the level of the concrete reached 500 mm, the lid was closed rapidly. In
order to increase the pressure to the desired level, additional pressure was applied
into the formwork by means of an air compressor securing the same casting rate.
The formwork pressure was kept constant further when the bottom pressure was
equivalent to the pressure of fresh SCC with 10 m height. This pressure level was
calculated by considering the density of each mixture. The measurements contin-
ued for 4–8 h, depending on the setting time of SCC mixtures, determined in accor-
dance with ASTM C403 [41]. The tests were ended before the initial setting time, in
order to protect the sensors from damage during the removal of the concrete from
the formwork. In order to see the effect of casting rate, the same procedure was
repeated at the casting rate of 10 m/h. Fig. 5 shows a graph of formwork pressure
measurements by using 35/50/65 mixture cast at a rate of 10 m/h.
3. Test results and discussion

3.1. Thixotropy of SCC mixtures

3.1.1. Effect of w/b ratio and slump flow on thixotropy of SCC mixtures
The results obtained by the SDBA method (Fig. 6(a)) showed

that for a given w/b ratio, thixotropy of the mixtures decreased
with an increase in slump flow diameter. The use of more super-
plasticizer to increase the slump flow diameter caused the disper-
sion of the particles and weakened the structural interactions
between cement particles. Thixotropy values of the mixture having
w/b ratio of 0.35 decreased 48% due to the increase in slump flow
diameter from 550 mm to 650 mm, while, there was not a signifi-
cant decrease with increasing slump flow diameter from 650 mm
to 720 mm. On the other hand, the decrease in thixotropy was
not prominent in the mixtures having w/b ratio of 0.42 and 0.50
which required relatively low superplasticizer amounts. Fig. 6(a)
also shows that thixotropy values of the mixtures decreased as
the w/b ratio increased. This seems to be arisen from the dispersion
of cement particles by the superplasticizer. Khayat and Assaad [7]
indicated that higher water content and relatively lower coarse
aggregate volume have predominant influence on lowering the
degree of thixotropy.

As seen from Fig. 6(c) and (d), similar results were obtained by
using DAV and YVR methods, indicating a decrease in thixotropy
upon increasing w/b ratio and slump flow diameter. However,
the results of the BDP method were contrary to the other methods
mentioned above, indicating that BDP method is not as reliable as
the others for determining the thixotropy of SCC mixtures.
3.1.2. Effect of CA/TA ratio on thixotropy of SCC mixtures
The effect of CA/TA ratio on thixotropy was more pronounced in

the mixtures having low w/b ratio (0.35) (Fig. 7). SCC mixtures
having w/b ratio of 0.50 had the lowest thixotropy value and the
thixotropy was not affected by the changes in CA/TA ratio. More-
over, recalling the Fig. 6(a), (c) and (d), thixotropy of the SCC mix-
tures having w/b ratio of 0.50 was less affected by the changes in
slump flow diameter. On this basis, it can be said that a high w/b
ratio of SCC mixtures discouraged the formation of interactions
in the concrete mixtures, reducing the contribution of other
parameters (i.e. slump flow and CA/TA ratio) on thixotropy. As
Fig. 7 shows, an increase in thixotropy value was observed with
an increase in CA/TA ratio in the mixture with w/b ratio of 0.35.
In addition, except for BDP method (Fig. 7(b), a significant increase
in thixotropy was observed with increasing CA/TA ratio from 0.50
to 0.53. This is due to the fact that the high amount of coarse aggre-
gate increased internal friction in the concrete mixture. Similar
results were reported by Assaad [10]. For the SCC mixtures having
w/b ratio of 0.42, different thixotropy determination methods gen-
erated different test results. However, an increase in thixotropy
value was expected with an increase in CA/TA ratio. SDBA and
BDP methods provided this phenomenon.
3.1.3. The change in thixotropy with time
Fig. 8 shows the change in thixotropy of the mixtures having w/

b ratio of 0.35 and CA/TA ratio of 0.50 with time. Normally, thixo-
tropy is expected to increase due to consumption of water during
hydration. The SDBA and BDP method did not clearly indicate sig-
nificant change in thixotropy with time. Furthermore, the thixo-
tropy determined by BDP method did not vary a lot with time for
the mixtures having different slump flow values (Fig. 8 (b)). When
DAV method was used, thixotropy increased with time for the
slump flow values of 550 mm and 650 mm while it decreased for
the 720 mm slump flow Fig. 8(c). In general, as can be observed
from Fig. 8(a-c), depending on the method applied and the mix-



Fig. 4. Steel pressure formwork.
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ture, thixotropy increased with time in some mixtures, whereas it
decreased with time in the others. In SDBA, BDP and DAV methods,
the thixotropy calculations are based on the difference between
the initial and equilibrium torque values. Since the difference
between them did not necessarily increase with time, these meth-
ods were found to be inappropriate to follow the change in thixo-
tropy with time. In YVR method, on the other hand, the thixotropy
values increased with time for almost all of the mixtures as
expected. It was observed that the mixture having the highest
superplasticizer content (or slump flow) did not develop an
increase in thixotropy even after 150 min. This may be arisen from
the set-retarding effect of the superplasticizer and its relatively
high content in these SCC mixtures.
3.2. Effect of mixture proportions and casting rate of SCC mixtures on
formwork pressure

3.2.1. Effect of w/b ratio on formwork pressure of SCC mixtures
The time-dependent drop in the formwork pressure of SCC mix-

tures with the slump flow diameter of 550 mm and different w/b
ratios is shown in Fig. 9(a). In the mixtures having w/b ratio of
0.50, drop in the formwork pressure was observed to be the slow-
est. This shows that the gradual drop in the pressure becomes
slower when w/b ratio increases. This is because the water content
in the mixture increases as w/b ratio rises and the increasing pore
water pressure affects the formwork pressure. As it can be seen
from Fig. 9(b), the formwork pressure caused by the mixture hav-
ing w/b ratio of 0.50 was higher than those of mixtures having w/b
ratio of 0.35 and 0.42 within the first 200 min. After 200 min, the
formwork pressure caused by the mixtures with 0.50 and 0.42
w/b ratios decreased more rapidly. Upon increasing the slump flow
value to 720 mm, all of the mixtures behaved similarly from form-
work pressure view point (Fig. 9(c)). In a similar manner, the effect
of w/b ratio on the thixotropy of the mixtures became less evident
upon increasing slump flow of the mixture (Fig. 6). Moreover, as it
can be seen from Fig. 9, as slump flow rises in SCC mixtures, the
effects of a change in w/b ratio become less visible on formwork
pressure. The main reason of this is that as slump flow of a mixture
with low w/b ratio increases, the superplasticizer requirement also
increases.

3.2.2. Effect of slump flow of SCC mixtures on formwork pressure
The time-dependent changes in the formwork pressure of con-

crete mixtures with w/b ratio of 0.35 and different slump flow
diameters are shown in Fig. 10(a). Within the first 100 min, the fall
in the formwork pressure of the mixture with 720 mm slump flow
was about 10%, whereas, that of mixture with 550 mm slump flow
was about 50%. As the slump flow of the mixture increased, the fall
in the formwork pressure decreased with time. This is because a
higher slump flow decreases thixotropy (Fig. 6(a)). In other words,
a decrease in thixotropy slows down the fall in pressure. In Fig. 10
(b), the time-dependent change in the formwork pressure of con-
crete mixtures with w/b ratio of 0.42 and different slump flows
is shown. As the slump flow diameter of the mixture increased,
the drop in the formwork pressure decreased with time. Within
the first 100 min, the drop in the formwork pressure of the mixture
with slump flow diameter of 550 mm was about 70%, whereas that
of the mixture with slump flow diameter of 720 mm was 87%. This
is due to a decrease in the amount of superplasticizer and an
increase in the amount of water and pore water pressure. In
Fig. 10(c), the time-dependent change in the formwork pressure
of concrete mixtures with w/b ratio of 0.50 and different slump
flows is shown. As the slump flow of a mixture increased, the fall
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in the formwork pressure decreased with time. It is clear that in
the mixtures having higher w/b ratios the effect of slump flow
diameter on the formwork pressure is less pronounced. This can
be explained by examining Fig. 7(a). When w/b ratio increases,
changes in slump flow become less effective on thixotropy and
formwork pressure.
3.2.3. Effect of CA/TA ratio of SCC mixtures on formwork pressure
In Fig. 11(a), the effect of CA/TA ratio on the formwork pressure

of concrete mixtures with w/b ratio of 0.35 is shown. Compared to
the mixtures with CA/TA ratios of 0.50 and 0.53, the one with CA/
TA ratio of 0.45 caused a slower fall in the formwork pressure. In
spite of having constant water content, when the amount of coarse
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Fig. 9. The time-dependent drop in the formwork pressure of SCC mixtures with different slump flow diameters.
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aggregate in the mixtures increased, the formwork pressure
decreased. This is because of an increase in thixotropy as a result
of an increase in CA/TA ratio in a mixture with 0.35 w/b ratio
(Fig. 6(a)). In Fig. 11(b), a gradual change in formwork pressure
caused by a change in CA/TA ratio (for w/b ratio of 0.42) is shown.
In general, the mixture with CA/TA ratio of 0.53 exerted the lowest
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formwork pressure. The formwork pressure of the mixtures having
CA/TA ratio of 0.45 and 0.50 are very close to each other. A gradual
reduction in formwork pressure caused by the change in CA/TA
ratio for the mixtures with 0.50 w/b ratio was observed (Fig. 11
(c)). In these mixtures, the change in CA/TA ratio did not cause a
drastic change in the formwork pressure of fresh concrete. Simi-
larly it is obvious from Fig. 7(a) that an increase in CA/TA ratio of
the mixtures having 0.5 w/b ratio did not affect thixotropy
significantly.

3.2.4. Effect of casting rate on formwork pressure
In order to examine the effect of casting rate on formwork pres-

sure, a pressure test was performed with two different casting
rates (5 m/h and 10 m/h). The results of the test for a mixture with
w/b ratio of 0.50, CA/TA ratio of 0.45 and slump flow diameter of
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Fig. 12. Effect of casting rate on formwork pressure of SCC mixture.

Table 4
Formwork pressure test results with different rates of casting.

Mixture Casting rate (m/h) Time (minute)

0 30 60

P(max)/P(hydrostatic)

35/45/65 5 0.98 0.91 0.88
10 0.95 0.91 0.87

35/50/55 5 0.99 0.86 0.74
10 1.00 0.81 0.68

35/50/65 5 0.96 0.95 0.93
10 0.99 0.85 0.75

35/50/72 5 0.98 0.94 0.90
10 0.96 0.94 0.92

35/53/65 5 1.00 0.87 0.80
10 0.95 0.89 0.83

42/45/65 5 0.99 0.88 0.80
10 0.99 0.92 0.87

42/50/55 5 0.99 0.85 0.75
10 0.96 0.90 0.79

42/50/65 5 0.99 0.90 0.86
10 0.98 0.91 0.86

42/50/72 5 1.00 0.93 0.89
10 0.99 0.95 0.93

42/53/65 5 0.99 0.89 0.86
10 0.96 0.89 0.80

50/45/65 5 0.97 0.91 0.84
10 0.99 0.96 0.92

50/50/55 5 1.00 0.90 0.84
10 1.00 0.94 0.90

50/50/65 5 0.98 0.95 0.87
10 0.99 0.95 0.89

50/50/72 5 1.00 0.99 0.98
10 0.99 0.97 0.95

50/53/65 5 0.98 0.92 0.85
10 0.98 0.93 0.86
650 mm are shown in Fig. 12. Not surprisingly, the formwork pres-
sure increased by increasing casting rate in all of the mixtures hav-
ing w/b ratio of 0.50. The similar result was reported by other
researchers [12]. It seems that when the casting rate increases,
the concrete is exposed to a greater shear force causing rupture
of the bonds arisen from thixotropy within the concrete. Thus,
the fresh concrete behaves more like a liquid and exerts a higher
formwork pressure. Regardless of the CA/TA ratio and slump flow
value, all of the mixtures having w/b ratio of 0.50 showed same
formwork pressure – time relationship shown in Fig. 12. The result
of formwork pressure tests revealed that the behavior of the mix-
ture having w/b ratio of 0.35 and 0.42 was different from the
behavior of the mixtures with w/b ratio of 0.50. As it can be seen
from Table 4, it cannot be clearly stated whether the low casting
rate or high casting rate causes greater formwork pressure. This
is because the mixtures with w/b ratio of 0.50 have relatively lower
thixotropy values (Fig. 6(a)). With both casting rates, the shear
force during the casting can hardly rupture the bonds within the
mixtures with higher thixotropy (and lower w/b ratio), thus, the
effect of casting rate becomes less significant. In practice, the form-
work pressure is of great significance and should be limited partic-
ularly in SCC mixtures. Decreasing the rate of casting causes, in
turn, higher labor cost and elongates construction time. For the test
conditions applied in this study, it seems that for economic consid-
erations, it is possible to loosen the limitation on the rate of casting
in SCC mixtures with low w/b ratios.
3.3. Relationship between thixotropy and formwork pressure in SCC
mixtures

The relationships between thixotropy, determined by four dif-
ferent test methods, and formwork pressure of SCC mixtures are
90 120 150 180 210 240

0.81 0.76 0.69 0.59 0.49 0.35
0.84 0.82 0.78 0.73 0.67 0.56
0.62 0.52 0.42 0.31 0.22 0.19
0.56 0.34 0.22 0.17 0.14 0.12
0.92 0.80 0.69 0.60 0.50 0.44
0.70 0.63 0.59 0.58 0.56 0.52
0.86 0.83 0.79 0.73 0.69 0.61
0.90 0.86 0.84 0.78 0.72 0.64
0.75 0.68 0.59 0.52 0.44 0.32
0.79 0.67 0.57 0.47 0.39 0.29
0.72 0.61 0.54 0.46 0.37 0.30
0.81 0.70 0.58 0.50 0.36 0.24
0.67 0.55 0.40 0.36 0.28 0.22
0.72 0.58 0.46 0.36 0.25 0.17
0.79 0.74 0.67 0.61 0.54 0.45
0.79 0.74 0.58 0.52 0.34 0.27
0.81 0.76 0.69 0.60 0.52 0.44
0.89 0.84 0.77 0.73 0.62 0.57
0.80 0.73 0.62 0.52 0.38 0.30
0.75 0.59 0.48 0.41 0.33 0.31
0.76 0.72 0.66 0.54 0.39 0.30
0.89 0.81 0.73 0.64 0.55 0.43
0.73 0.61 0.50 0.41 0.37 0.36
0.85 0.75 0.66 0.57 0.44 0.37
0.74 0.62 0.50 0.39 0.34 0.31
0.87 0.78 0.70 0.63 0.49 0.37
0.88 0.79 0.70 0.60 0.55 0.39
0.94 0.89 0.84 0.79 0.70 0.58
0.72 0.67 0.60 0.47 0.35 0.23
0.81 0.79 0.75 0.62 0.50 0.39
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given in Table 5. In this table, linear, parabolic or exponential types
of equations were established based on different classifications to
observe the effect of different variables on the relationships. The
correlation coefficient values greater than 0.90 were highlighted.

When the data were classified according to time, no meaningful
relationship between thixotropy and formwork pressure just after
mixing (0. minute) was found. This is because, immediately after
mixing, formwork pressure is almost equal to the hydrostatic pres-
sure in all of the mixtures while thixotropy values change for dif-
ferent mixtures. The relationships were meaningful pressure and
thixotropy determined by SDBA, DAV and YVR test methods
observed in 90 and 150 min after mixing.

For w/b ratio classification, in the SCC mixtures having w/b ratio
of 0.35, correlation coefficient values for SDBA, DAV and YVR test
methods were quite high (almost 1). In other words, a strong
inverse relationship between formwork pressure and thixotropy
was observed in SCC mixtures having low w/b ratio. On the other
Table 5
Relationships between thixotropy determined by different test methods and formwork pr

Classification criteria Classification Thixotropy
measurement
method

Correlation
trendline c
thixotropy
pressure (R

Time 0 min SDBA 0.745
BDP 0.495
DAV 0.604
YVR 0.579

90 min SDBA 0.766
BDP 0.465
DAV 0.816
YVR 0.734

150 min SDBA 0.806
BDP 0.389
DAV 0.740
YVR 0.805

Water to binder ratio* 0.35 SDBA 0.971
BDP 0.664
DAV 0.991
YVR 0.991

0.42 SDBA 0.860
BDP 0.711
DAV 0.747
YVR 0.625

0.50 SDBA 0.747
BDP 0.056
DAV 0.361
YVR 0.941

Slump flow diameter* 550 mm SDBA 0.992
BDP 0.933
DAV 1.000
YVR 0.655

650 mm SDBA 0.856
BDP 0.773
DAV 0.726
YVR 0.964

720 mm SDBA 0.167
BDP 0.040
DAV 0.154
YVR 0.983

Coarse aggregate to
total aggregate ratio*

0.45 SDBA 0.298
BDP 0.514
DAV 0.254
YVR 0.993

0.50 SDBA 0.856
BDP 0.773
DAV 0.726
YVR 0.964

0.53 SDBA 0.955
BDP 0.672
DAV 0.331
YVR 0.254

* Formwork pressure data after 150 min rest.
hand, for w/b ratios of 0.42 and 0.50, the correlation coefficient val-
ues were lower than 0.90.

In the SCC mixtures having slump flow value of 550 mm, corre-
lation coefficient values for SDBA, BDP and DAV test methods were
almost 1. There was a strong negative correlation between form-
work pressure and the thixotropy determined by YVR test method
when slump flow was 720 mm.

In the SCC mixtures having CA/TA ratio of 0.45, the only strong
correlation was observed for YVR method. For CA/TA ratio of 0.50,
there was a strong linear inverse relationship between formwork
pressure and thixotropy determined by SDBA and YVR test meth-
ods. In the SCC mixtures having CA/TA ratio of 0.53, there was a
strong linear negative correlation between thixotropy determined
by SDBA test method and formwork pressure. Besides, as the
coarse aggregate content of the SCC mixtures increased, linear cor-
relation between thixotropy determined by YVR test method and
formwork pressure decreased.
essure of SCC mixtures.

coefficient of
onstituted by
and formwork
)

Trendline
type

Equation
(y: formwork pressure at certain time
x: thixotropy at the same time)

Polynomial y = 8E�08x2 � 0,0001x + 0,9999
Exponential y = 1,0001e�6E�04x

Polynomial y = 6E�09x2 � 3E�05x + 0,9974
Polynomial y = 4E�08x2 � 0,0001x + 1,0174
Polynomial y = �3E�07x2 + 3E�05x + 0,8536
Exponential y = 0,9196e�0004x

Exponential y = 0,9024e�9E�05x

Polynomial y = �4E�08x2 � 3E�05x + 0,8866
Exponential y = 0,866e�8E�04x

Polynomial y = 0,0003x2 � 0,0199x + 0,9577
Polynomial y = �3E�08x2 + 3E�05x + 0,6985
Polynomial y = 5E�08x2 � 0,0003x + 0,9647
Exponential y = 1,7744e�0,002x

Polynomial y = �0,0065x2 + 0,6725x � 16,563
Polynomial y = �2E�08x2 � 8E�05x + 1,0079
Polynomial y = 1E�08x2 � 0,0003x + 0,9686
Polynomial y = 3E�06x2 � 0,0039x + 1,6276
Polynomial y = �0,0015x2 + 0,0825x � 0,4317
Polynomial y = �4E�07x2 + 0,0015x � 0,5366
Polynomial y = �8E�08x2 + 0,0003x + 0,3339
Polynomial y = 2E�05x2 � 0,0056x + 1,0886
Polynomial y = 8E�05x2 � 0,0032x + 0,7643
Exponential y = 0,7839e�2E�04x

Polynomial y = 2E�06x2 � 0,0039x + 2,6798

Linear y = �0,0004x + 0,693
Linear y = �0,0169x + 1,0255
Linear y = �0,0001x + 0,7258
Linear y = �0,0001x + 0,7898
Linear y = �0,0002x + 0,7027
Linear y = �0,0024x + 0,7053
Linear y = �4E�05x + 0,6775
Linear y = �0,0002x + 0,8498
Linear y = �3E�05x + 0,8261
Linear y = 8E�05x + 0,8137
Linear y = �8E�06x + 0,8255
Linear y = �0,0001x + 0,91

Linear y = 0,0001x + 0,6586
Linear y = 0,0029x + 0,6256
Linear y = 3E�05x + 0,6638
Linear y = �0,0002x + 0,8735
Linear y = �0,0002x + 0,7027
Linear y = �0,0024x + 0,7053
Linear y = �4E�05x + 0,6775
Linear y = �0,0002x + 0,8498
Linear y = �0,0004x + 0,8013
Linear y = �0,0092x + 0,9688
Linear y = �3E�05x + 0,6524
Linear y = �7E�05x + 0,6779



Table 6
The calculated m and n variables, the slope and the regression coefficients (R2).

Thixotropy measurement method m n Slope Regression coefficient (R2)

SBDA 0.0019 0.1955 0.92 0.84
BDP 0.0056 �0.0087 0.91 0.87
DAV 0.0018 0.1682 0.91 0.85
YVR 0.0001 0.5994 0.96 0.87

Fig. 13. Predicted vs. measured decay for the YVR model.

Fig. 14. Comparison of the models with the measured data for 35/45/65 mixture.
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3.4. Model development for formwork pressure

Several models are available in the literature to predict the
formwork pressure of SCC [17,24–36]. This study aimed to develop
a new model for the same purpose. The model developed in this
study is based on the model proposed by Lange et al. [25] and
Tejeda-Dominguez [29] which is:

Ph ¼ c � R � t � CðtÞ
where, Ph is the lateral pressure (kPa), c is the unit weight of con-
crete (kN/m3), R is the casting rate (m/h) and t is time (h). The
cRt term refers to the hydrostatic pressure and the C(t) term is to
evaluate the decay in the pressure with time. C(t) was proposed
to be a hyperbolic function as given in the following equation:

CðtÞ ¼ C0

ða � t2 þ 1Þa

where C(t) is the characteristic pressure decay as a function of time,
C0 is the initial pressure, and a and a are time-dependent variables.
In several studies [25,36], a was taken as 12 and the variable a was
calculated for each mixture considering the measured pressure
data.

Although it is known from the literature [10,23] and Section 3.3
that the formwork pressure of SCC is affected by its thixotropy, the
model of Lange et al. [25] and Tejeda-Dominguez [29] does not
explicitly consider the thixotropy of SCC. Since the parameter a
changes depending on the mixture characteristics, in this study,
it is expressed in terms of thixotropy. In this way, the measured
thixotropy values can be included in the model.

In the proposed model, the variable a was defined as:

a ¼ m � Tn

where T is thixotropy (determined by different methods), m and n
are empirical variables. Then, the decay function C(t) is defined in
the new model as:

CðtÞ ¼ C0

ðm � Tn � t2 þ 1Þ12

The variables m and n were optimized by minimizing the root-
mean square errors resulting from the comparison of the actual
and the model results. The data used for calculating the m and n
belonged to a casting rate of 10 m/h. The values of m and n were
calculated for each of the thixotropy method. Then the model with
the calculated m and n was used to predict the decay in the form-
work pressure for casting rate of 5 m/h. These values, the slope of
the linear trendline that correlates the actual decay values and the
predicted decay values, as well as the regression coefficients (R2)
are given in Table 6. As an example, the relationship between the
actual vs. predicted decay for the YVR method is shown in
Fig. 13. The models involving different thixotropy measurements
were compared in Fig. 14 for the 35/45/65 mixture. Most of the fig-
ures for the other mixtures were similar to Fig. 14, therefore, all of
them were not included in this manuscript.

Table 6 shows that all of the models resulted in quite high
(>0.84) regression coefficients (R2). The prediction with BDP and
YVR methods were slightly better than the other methods when
the regression coefficients are compared. The slope of the YVR
model was the closest one to unity, indicating the superiority of
it over the others. Fig. 14 also proves the success of all of the
models.

4. Conclusions

In this study, the thixotropy and formwork pressure of SCC mix-
tures having different water/binder ratios, slump flow diameters
and coarse aggregate/total aggregate ratios were determined. Thix-
otropy was determined by four different methods and the form-
work pressure was recorded continuously up to 6 h. For the
relationship between the thixotropy and formwork pressure,
regarding the materials used and the test methods applied, the fol-
lowing conclusions can be drawn:

� The thixotropy values measured with SDBA, DAV, and YVR
methods reduced by increasing water/binder ratio and slump
flow of the SCC mixtures. The thixotropy of the mixtures having
low water/binder ratios decreased by increasing coarse aggre-
gate to total aggregate ratio. However, the effect of coarse
aggregate to total aggregate ratio on thixotropy was less pro-
nounced in the mixtures of high water/binder ratios.
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� Among the four methods of measuring thixotropy, BDP method
was found to be the least reliable one.

� The gradual fall in lateral pressure was influenced by the water/
binder ratio of the mixtures having low slump flow value. The
effect of water/binder ratio on the lateral formwork pressure
diminished by increasing slump flow value.

� For the mixtures with higher water/binder ratio, the formwork
pressure increased by increasing rate of casting. This was not
the case in the mixtures having lower water/binder ratios.

� There was an inverse relationship between thixotropy and
formwork pressure of SCC mixtures. The gradual fall in form-
work pressure occurred more rapidly when SCC mixtures had
higher thixotropy. The correlation between thixotropy and
formwork pressure was better in SCC mixtures having lower
water/binder ratio.

� With SDBA, DAV and YVR test methods, a strong relationship
between thixotropy and formwork pressure was determined
in the mixtures having lower water/binder ratio. Regardless of
the method used to determine the thixotropy, in the mixtures
having higher water/binder ratios, no meaningful relationship
between the thixotropy and formwork pressure was found.

� There was a strong relationship between thixotropy obtained by
SDBA, BDP and DAV test methods and formwork pressure in the
mixtures having low slump flow value. However, in the mix-
tures having higher slump flow value, the thixotropy obtained
by YVR test method showed a strong relationship with the
formwork pressure.

� The linear correlation between thixotropy determined by YVR
test method and formwork pressure diminished with increasing
the coarse aggregate content of the SCC mixtures.

� All of the models were able to predict the pressure decay suc-
cessfully. The prediction with the YVR method was found to
be better than that of the other methods.
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