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Abstract. This paper discusses the shrinkage rheological model of high-performance concrete with
a compressive strength of 60 MPa. This is based on experimental research in Indonesia. Three
specimens measuring 150 mm x 150 mm x 600 mm were used. Specimens were placed in a
conditioned room with a temperature of 28 30C and relative humidity of 72+5%. Observations were
conducted over 7-800 days using an embedded vibrating wire strain gauge for each specimen. As a
result, the shrinkage rheological model was single or multi Kelvin-Voigt in series with time-
dependent disturber flow in it. Disturber flow depends on product hydration growth, weather, pore
number, size, and distribution. The model agrees with experimental results. Moreover, it also fits
the results using high strength concrete column and high strength self - compacting concrete
cylinder.
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1. Introduction

Shrinking and expansion naturally occur in the process of forming concrete, mainly due
to hydration reactions. Shrinking and expanding causes deformation in concrete.
Deformation is the most important structural mechanism that influences building
performance. This performance is determined by mixture design, casting time and methods,
compaction, and treatment immediately following casting, curing, and loading.

Creep and shrinkage modeling of concrete using solidification theory was done
(Hedegaard, 2020). A review of the shrinkage behavior of conventional and non-
conventional concrete was published (Elzokra et al, 2020). Performance is chiefly
characterized by applying a rheological model (Bentz et al,, 2018). Rheology applies to
mixture design and quality control, segregation, pumping, formwork pressure, and surface
finish (Ferraris et al,, 2017).

Rheology is a science of deformation and flow. Heraclitus, the Greek philosopher, has
revealed: “Everything flows; everything changes,” which means something that moves will
alter and can change. This statement is the basic idea of rheology (Hackley and Ferraris,
2001). Particle flow occurs in concrete since its mixing. Because the viscosity change in
concrete is influenced by the hydration process and environmental humidity, the change in
shear stress is not directly proportional to the shear rate, so non-Newtonian behavior
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occurs. Non-Newtonian particle-laden fluids are more complex due to various factors (Mau
etal., 2020).

Shrinkage can be defined as a time-dependent decrease in concrete volume (American
Concrete Institute, 1992). In fresh conditions, the paste rheological model is useful in
designing SCC mixtures and reducing the extent of laboratory work, testing time, and
materials used. For hard concrete, a ong-tlernl‘n deformation rheological model was
mentioned by Sobotka (1962) as H-5tV IN-H IN [stv = H-B- (K |stv) (H: Hooke, Stv: st
Venant, N: Newton liquid, B: Bingham, K: Kelvin solid). Sobotka (1984) and Ferraris (1999)
also stated that the long-term deformation of concrete fits well with the Bingham model (H-
StV LN). Because the first model as described above is Hooke (H), it means that the increase
in load is directly proportional to the rate of strain. This means that the sample is under
external load, so what is happening is creep. Until now, concrete rheological models were
only for creep. This matter is based on deformation and particle flow caused by the applied
load. In fact, without an applied load, there are microscopic flows in the concrete due to
microprestresses-solidification. In rheology, there is no clear border between solid and
liquid. Based on this condition, shrinkage can be modeled rheologically. By seeing the
rheological model, concrete behavior can be understood quickly and easily.

Shrinkage is a natural phenomenon that is also due to moving particles and water. After
curing, concrete starts to deform with environmental influences; thus, shrinkage is
influenced by external supply water, so the climate plays an important role. Because the
hydration process may occur for a long time, shrinkage occurs simultaneously with
hydration, causing the shrinkage mechanism to become complex. A full understanding of
long-term shrinkage behavior is needed for concrete design with good performance. A full
understanding of long-term shrinkage behavior is needed for concrete design to reach good
performance.

The objective of this research is to create a shrinkage rheological model to illustrate the
deformation behavior of concrete under the influence of hydration and climate.

2. Methods

This research was conducted in Jakarta, Indonesia, within humid, tropical weather. This
study was performed experimentally using three specimens of 150 mm x 150 mm x 600 mm,
according to ASTM C78-08, with one embedded vibrating wire strain gauge (SG) for each
specimen. The position of the SG can be seen in Figure 1a (i.e., five cm from the end of the
specimen). Concrete with a target compressive strength of 60 MPa and slump flow diameter
of 352 cm was used.

2.1. Materials
The mix design was conducted in compliance with ACI 211.4R, especially the sand and
coarse aggregate. The material composition is shown in Table 1.

Table 1 Material composition

Material: OPC Silica fume Water Sand Coarse aggregate HRWR
kg/m3 500 40 142.6 800 935 7.6

The use of ordinary Portland cement (OPC) is limited to 500 kg/m3 to meet the
shrinkage factor closest to one (American Concrete Institute, 1992). The mechanical
properties and durability of high-performance concrete can be improved with the use of
nanosilica (Eddhie, 2017). The silica fume used was 8% by weight of the cement. Silica fume
maximum is 15 percent; if more than 15 percent, sudden destruction can occur (Yogendran
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etal, 1987). The water to cement ratio was chosen to be between 0.26 and 0.3 because the
amount of water for the hydration process is 0.26, and the small changes in the composition
of CSH gel are less than 0.3 (Termkhajornkit and Nawa, 2006). The high range water
reducer (HRWR) of the composition is 1.5 percent; it is less than two percent. It was the
maximum value according to the product instructions.

OPC produced by Indocement Ltd. was used. The condition of the aggregate was
saturated surface dry (SSD). Fine aggregate in the form of river sand was brought from
Sungai Liat (Bangka, Sumatra, Indonesia); specific gravity (SSD) was 2.605, and absorption
was 0.4%. The sand had been filtered and cleaned using a mixture of standard graphs
obtained from the mid-gradation, according to ASTM C.33/C.33M-08. Coarse aggregate in
the form of volcanic rock fragments was obtained from Banten, West Java, Indonesia. The
composition of the coarse aggregate used was seventy percent the size of 13-19 mm;
specific gravity (SSD) was 2.563; absorption was 1.543%; and thirty percent the size of 6-
12 mm; specific gravity was 2.636; and absorption was 2.26%.

To achieve desired high strength with a low water to cementitious material ratio and
good workability, a polycarboxylic superplasticizer under the commercial name, Visco
Crete 10, from Sika Indonesia Ltd. was added to the concrete mix as an HRWR. The HRWR
dose of 1.4% cement weight was added according to the formula that is generally used in
Indonesia. Local water was supplied by the Structure and Material Laboratory of
Universitas Indonesia. An electrical scale was used, especially for cementitious materials
and water, to obtain the accurate water to cementitious material ratio.

During the concrete mixing design stage, all of the aggregate was assumed to be under
the SSD condition. A tilting drum mixture of 0.3 m3 capacity was used. The mixing started
with all cementitious material in dry conditions, followed by 50 percent fine aggregate.
Subsequently, fifty percent of water was added to the revolving mixture. These materials
were then mixed for approximately 1.5 minutes. Next, 50 percent water was mixed
homogeneously with HRWR, slowly put it into the rotating drum mixture. Thereafter, 100
percent coarse and 50 percent fine aggregate was added. With all of the materials placed
into the mixer and according to their order, the concrete was mixed for approximately three
minutes. The slump flow of the mixture was measured before pouring by using the Abram’s
cone upside down test.

2.2. Experimental Methods

Shrinkage was measured as strain change against time by installing SG in the specimen.
The SG can detect a strain of up to 3000 pe with an accuracy of about 0.25% and a concrete
temperature of between -80°C and 60°C with about 0.5% accuracy.

Figure 1 Specimen in a conditioned room
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Immediately after casting, specimens were covered with Styrofoam to eliminate water
evaporation. The specimens were cured after demolding (one day after casting) by
moisture curing until the specimens were seven days old. After this treatment, the
specimens were placed in a conditioned room with a temperature of 28+3°C and relative
humidity of 72+5% (Figure 1).

Complete observations were performed immediately following pouring. Due to the
research time being between seven and 800 days, observations were carried out one time
per day. Observation of concrete strain once a day is quite close because the growth rate of
product hydration growth is slower than the age of 1 to 7 days (Kurtis, 2015).

2.3. Shrinkage Rheological Model

The rheological model can be created based on an understanding of particle movement
behavior. Particle movement behavior determines the type of deformation. Particle
movement behavior can be calculated by the change of strain. In this study, the rheological
model was based on a graph of the average strain value of the three validated samples. The
type of graph was determined by considering its shape; hence, the mathematical formula
was made. From the mathematical formula, the type of deformation was determined. A
literature study of particle flow was done to support the understanding of this formula. The
rheological model was based on this mathematical formula and a literature study. The
suitability between the model and the observation was considered by calculating the
deviation between the observation and the model for each observation.

2.4. Validation

2.4.1. Specimen data validation

Data validation was conducted for three specimens in the timeframe of 50, 100, 200,
300,400,500, 600, and 700 days and in compliance with Dixon’s criteria of ASTM E178-02.
2.4.2. Rheological model validation
Validation of this model was done in two ways:
2.4.2.1. Comparison between the observation and rheological models

Comparison between observation and rheological model results in deviation or error.
The deviation was computed by Equation 1.

Deviation = (Eobservation - Smodel)- 100/ Eobservation (1)
The relationship (R) between the two was obtained by the Excel program.

2.4.2.2. Comparison with other result studies

To test the suitability of the model on shrinkage research results, this rheological model
was applied to published studies with different specimen shapes and types of concrete. The
rheological model was applied to Choi and Kang’s (2004) study using a high-strength SCC
cylinder and Mertol et al. (2010) study using a high-strength concrete (HSC) column.

3. Results and Discussion

3.1. Results

The structural formula for the shrinkage rheological model is double Kelvin Voight in
series (KV-KV)or (HIN) - (HIN), where H is the Hooke model and N is the Newton model.
The first KV model is for the high hydration rate phase (Phase 1) and the second is for the
low hydration rate phase (Phase 2). The shrinkage rheological model is shown in Figure 2.
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Phase 1: 7 - 16 days Phase 2: 17 - 800 days

Figure 2 Shrinkage rheological model

While o is stress, E is the modulus of elasticity, and A is the coefficient of viscosity.
Parameters of the rheological model are shown in Table 2.

Table 2 Parameters of shrinkage rheological model

Predicate Period, days E, Mpa A, day MPa
Phase 1 (high hydration rate) 7-16 3.0755E+04 20.5E+08
Phase 2 (low hydration rate) after 16 3.9027E+04 1.686E+08

The mathematical formulation of the rheological model is
€sh = {1- exp (-kit) “1)} C1 tP1 + {1- exp (-kzt) «2)} Co. th2 (2)

where €1 is the shrinkage at 7-16 days, €2 is the shrinkage at 17-800 days, t is the specimens
age (days), k, a, B are the constant number depends on hydration process, treatment, curing
time, curing method, the surrounding temperature, and humidity. Constant numbers are
obtained by trial and error. The constant numbers can be seen in Table 3.

Table 3 Constant numbers

Predicate, days Period, days k o B C
Phase 1 7-16 0.000015 0.655 0.26 1
Phase 2 after 16 0.000102 0.24 0.039 1
7,E:04 - 1,2
6,E-04 - 1,0
5,E-04 - 0,8
8 =
?D 4,604 | =06
2
£ 3,E-04 -| 0.4
2,E-04 - 0.2
1,E-04 0.0
Spesimenl  —=—Spesimen2  ——Spesimen3 "o 100 200 300 400 500 600 700 800
0,E+00
0 100 200 300 400 500 600 700 800 Specimen age, days
Specimen age, days —o—Smallest ~ —8—Largest  —a—Sig level 5% - Sig level 1%
(a) (b)

Figure 3 Experimental data from three specimens and outlying test results
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3.2. Validation

3.2.1. Specimen data validation result

The results from observing the three specimens can be seen in Figure 3a. Data
validation was conducted in the timeframe of 50, 100, 200, 300, 400, 500, 600, and 700 days
and in compliance with Dixon’s criteria of ASTM E178-02, as shown in Figure 3b. Figure 3b
illustrates the smallest data values, which were outliers at 400 and 700 days and at a
significance level of 5%, but accepted at a significance level of 1%; therefore, all the data
were considered in the next computation.

3.2.2. Rheological model validation result
Rheological model validation was done by comparing deformation from the
experimental and rheological models and their application for other research.

3.2.2.1. Comparison between the observation and rheological models

The comparison of shrinkage observation result and the rheological model can be seen in
Figure 4a. The relation strength “R” between the models and observation is 0.9992 (Figure
4a), while the deviation can be seen in Figure 4b. The large deviation in Phase 1 was 14.1%
and 18.3%, which occurred at 8.6 days and 16 days, respectively, while for Phase 2 it was
6.3% (Figure 4b).

20
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% 3,E-04 g 0 . g ;
% & 0 200 400 60! 00
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é 2,E-04 servation 5
= e=mmRheological Model at High Hydration Rate
»  1,E-04 - - -10 4
@R heological Model at Low Hydration Rate
0,E+00 T T T ) -15 4
0 200 400 600 800
Specimen age, days -20 - Specimen age, days
(a) (b)

Figure 4 Observation and rheological model 7-800 days: (a) Observation and rheological model;
(b) Deviation between the observation and rheological models
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Figure 5 The application of the rheological model to the research of: (a) Mertol et al. (2010): 7
days heat-cured; (b) Choi and Kang (2004): 28 days moist-cured
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3.2.2.2. Application of shrinkage rheological model on Mertol et al. (2010) and Choi and Kang
(2004)

Mertol et al. (2010) observed an HSC column shrinkage. The specimens in this study
were cured using a heat-curing system for 7 days. Choi and Kang (2004) investigated
shrinkage using cylindrical specimens in high-strength SCC. The specimens were treated
with moisture curing for 28 days. The shrinkage rheological model was applied to both
cured types with an average error of 6.25% for Mertol et al. (2010) and 3.38% for Choi and
Kang (2004). A comparison between both research and the rheological model is shown in
Figures 5a and 5b. Constant numbers of the rheological models are shown in Tables 4 and
5.

Table 4 The constant numbers of Mertol et al. (2010), HSC, column, seven days heat-cured

Predicate, days Period, days k o B C
Phase 1 7-30 3.5E-06 1.1E-01 9.00E-01 1
Phase 2 after 30 5.0E-05 1.0E-01 1.57E-01 1

Table 5 The constant numbers of Choi and Kang (2004), SSC, cylinder, 28 days moist-cured

Predicate, days Period, days k o B C
Phase 1 7-15 2E-08 3.5 0 1
Phase 2 15-200 1.4E-05 0.79 -2.1E-01 1
Phase 3 After 200 1.5E-04 0.17 -3.5E-02 1

3.3. Discussion

According to the observation (Figure 1), there are two phases in the model (Figure 2
and Table 1). Phase 1 had the highest rate of product hydration growth and the highest rate
of decreasing pore numbers. Phase 2 had a low hydration rate and a low decreasing pore
number. In this study, these changes became the points where changes from high hydration
rates to low hydration rates occur. The periods of Phase 1 are dependent on the type of
mixture (Tables 1, 2, 3, and 4), type of curing, water diffusion, and type of structural
element. Water diffusion in concrete with the aggregate being used as an internal curing
agent was delayed, leading to a decrease in shrinkage (Yadav et al.,, 2018). Therefore, the
shrinkage strain (&sn) can be expressed in Equation 3.

€sh = Esh1 * Esh2 (3)

The deformation is caused by inner stress, which leads to particle flow. Van Vlack
(1973) expressed particle flow (€) as the following equation:

€ = go(l-exp(-tE/A)) (4a)

where ¢ is initial strain, A is normal viscosity, E is modulus of elasticity, and t is time.
If k =k = E/A, Equation 4a can be written as Equation 4b as follows:

€ = go(1- exp(-kt)) (4b)
If € is assumed to be a multiplier factor, (1-exp(-kt)) represents the basic model of
particles.

Basic model of particle flow: &vanviack = (1-exp(-kt)) (4¢0)

3.3.1. Multiplier factor
Hydration reaction leads to the occurrence of initial stress. The growth of hydration
products creates stress called ‘crystal growth stress. In the product, hydration occurs and
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pores can be contained in it. This process and the resulting pores trigger capillary tension,
disjoining pressure, and surface tension. BaZant et al. (1997) mentioned the stress of crystal
growth, capillary tension, disjoining pressure, and surface stress as microprestress. The
stress continues until the hydration reaction ends. Hence, the initial strain is a time-
dependent function. Hydration stress is a major factor that affects initial strain during the
high hydration rate phase (Phase 1). In general, such a phase happens during a range of 7-
28 days. In this study, the range of Phase 1 was 7-16 days (Table 1). A high rate of
decreasing pore number occurred simultaneously with the high rate of product hydration
growth. Penetration of surrounding temperature was also influenced by pore conditions.
The decreasing pore number correlated with product hydration growth, which was a
function of time. The model of the mechanism is assumed as a time function with a constant
exponential (Equation 5).

In the next phase, the hydration process occurred at a low rate. The size and number
of pores also changed at a low rate. The penetration of Surrounding Relative Humidity
(SRH) correlated with the pore’s amount and size in the concrete. Inner water evaporation
correlated with the amount and size of the pores and SRH. Thus, the multiplier factor can
be described as Equation 5.

€on = Cnthn (5)

where n is phase number, C is constant, t is time, 3 is a reflection of product hydration
maturity, pores, and SRH.

3.3.2. Particle flow model

The particle flow model by Van Vlack (1973), in accordance with Equations 4a and 4b,
is displayed in Figure 6a. The number of moving particles, which has been stated in
Equation 4c, has a direct correlation with strain or € (Figure 6a). If the driving energy
decreases, some particles stop moving. The still particles, according to Van Vlack (1973),
are exp (-tE/A), as displayed in Figure 6a. If k is used, the still particles would equal exp(-
kt). “Kt” is assumed as a unity that influences the flow type.

Shrinkage is the decreasing volume without applied load. The particles start to move
by the heat of hydration, which results in free energy. Another driving energy that moves
particles is microprestress. Such energy makes particles under shear stress. The shear
stress will decrease according to hydration product maturity. Hydration product maturity,
the change in free water, microprestress, surrounding temperature, and SRH penetration
causes concrete viscosity (A) to change.

The decrease in pore number is in accordance with the growth of hydration products
(Kurtis, 2015). Changes in pore dimensions and pore numbers cause the evaporation ability
of pore water to decrease. A lower level of humidity is needed to evaporate water in small
pores than in large pores (Thomas and Jenning, 2008). The decrease in pore dimensions
also causes some particles to stop moving. The decreasing ability to evaporate is a function
of time; thus, particles still have a function of time.

Along with the hydration process, the surrounding temperature and SRH penetrate the
concrete through the open pores, then into the pores network. Such penetration will
influence disjoining pressure and increase the flow rate of particles. This flow is continuous
but not smooth because the flow meets some barriers. Product hydration becomes a barrier
for the particles to flow smoothly.

The barrier makes some particles move slowly or even stop. Therefore, still particles
are affected by the decreasing stress due to decreasing product hydration growth (function
of time) and increasing barrier (function of product hydration growth). This means still
particles have a tiered time function. The form of curve or particle flow model of shrinkage
must reflect this flow mechanism.
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Based on the description above, still particles are not only in the form of exp(-kt) but
also in the power form. The power form results in a different slope of strain (Figure 6b).
The power type of still particles is assumed as “(kt)«” Thus, the basic particle flow model
can be approached as Equation 6.

Basic particles flow model = (1- exp(-kit) %) (6)

where a is the reflection of the hydration product number, decreasing stress, and SRH
penetration.
By entering the multiplier factor into the basic particle flow, shrinkage strain is
obtained, as shown in Equation 7.
€sh={1- exp (-kt) )} C tB (7)

The first phase is dominated by a hydration process or high hydration rate; the following
phase describes the domination of SRH penetration. For the two phases, shrinkage strain is
shown in Equation 2.

3.3.3. Shrinkage rheological model
The basic rheological model is the solid elastic described by Hooke as a spring, the

plastic described by St Venant as a sliding box, and the thick liquid described by Newton as
a dash-pot. Viscosity is one of the physical properties of a material. Viscosity is influenced
by energy, changes in volume, and temperature, triggered by shear forces between moving
particles. The solid material will flow like a liquid, even though it is sluggish and under small
stress (Sobotka, 1984). The best model of the material is viscoelastic. Viscoelastic expresses
elasticity as a reaction to deformation and viscosity, which states the response to the rate
of deformation. Viscosity strain is the strain on the solidified element. Viscosity value is a
function of microprestress (c), as shown in Equation 8.

A= g 8)

/at

Because the microprestress in Phase 2 is smaller than in Phase 1, the viscosity (A) in
Phase 2 is smaller than in Phase 1 (Table 1).

The modulus of elasticity is influenced by the volume that has solidified and can sustain
the load. The elasticity modulus of Phase 2 is greater than that of Phase 1 (Table 1); thus,
the solidified volume of Phase 2 is greater than that of Phase 1.

The viscoelastic solid of Kelvin Voight was described as a parallel arrangement of
Hooke (H) and Newton (N), which is shown in Figure 2 only Phase 1 or Phase 2.

0 =0y +oy=Ee+ A% (9a)

e=(1- e%) (9b)

In the shrinkage case, the pure viscoelastic model becomes invalid. However, the
application of this model to concrete must consider the fact that concrete is not only non-
linear strain but has a unique strain rate, as mentioned above. The characteristics are
shown in Equations 5 and 6.

Equation 9b is similar to Equation 4a with additional parameters based on the
shrinkage mechanism. Based on this similarity, the rheological model of shrinkage is single
or multi Kelvin-Voigt in the series order, as shown in Figure 2, with the mathematical model
shown in Equation 2.

3.3.4. Aplication of the model
The application of this rheological model to column structure elements of HSC, which
was observed by Mertol et al. (2010) with 7-day heat curing, shows good results with an
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average error of 6.25% (Figure 5a). Good results (average error for more than 10 days is
3.38%) were also obtained from the application of this rheological model of Choi and Kang
(2004) using a high-strength SCC cylinder with 28-day moist curing (Figure 5b). The
rheological model for Mertol et al. (2010) is double Kelvin-Voigt in series and for Choi and
Kang (2004) is triple Kelvin-Voigt in series.

The difference in values of k, a, and 8 occurs because of differences in the mixture,
treatment immediately after casting, curing method, element structure, casting time, SRH,
and surrounding temperature.

4. Highlight

The results of this study reveal that the shrinkage of concrete can be expressed by the
rheological model, whereas, previously, the concrete rheology model was only for creep.
Observation of concrete shrinkage was carried out for 7-800 days. This is so that the
observations included shrinkage from the high rate of hydration to completion, the
combination of hydration and environmental influences, and environmental influences.

This rheological model is suitable for various types of concrete in various forms with
heat or moisture curing.

5. Conclusions

The main conclusion of the study is that the rheological model of shrinkage is a single
or series arrangement of the Kelvin-Voight model with: (1) Parameters reflecting the time
that influenced the product hydration rate, hydration product number, and its maturity as
a barrier to the viscoelastic flow; (2) Parameters that reflect the initial strain in each phase
as multipliers.

This rheological model can be applied to beam, column and cylinder, heat- and moist-
cured, HSC concrete and high-strength self-consolidation concrete, and varied maximum
size aggregate.
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