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Abstract: The application of self-compacting concrete in massive structures is still low
due to the perceived high cracking tendency associated with high shrinkage and heat of
cement hydration. This conclusion is from short-term research work of up to 3 months
after casting. The purpose of this study is to evaluate the influence of drying shrinkage
on the cracking resistance of massive self-compacting concrete with blast furnace slag
using a three-dimensional finite element method of analysis (3D FEM). The restraint stress
experiment results of the self-compacting concrete beam under drying conditions are
compared with those of similar concrete beam models obtained from 3D FEM analysis.
The value of the reduction coefficient for Young’s modulus of elasticity was proposed to
consider the effect of stress relaxation due to creep in concrete. By using the proposed
value of the reduction coefficient, thermal stress analysis was performed on a 1 m thick
massive concrete wall member, and the cracking resistance of self-compacting concrete
with different replacement ratios of blast furnace slag is discussed. By using the proposed
reduction coefficient to evaluate concrete stress due to drying, the accuracy of thermal stress
analysis results can be improved to a marginal error of £15% from the experiment results.
Also, the low-temperature rise caused by the high replacement ratio of blast furnace slag
at 50% and 70%, respectively, contributed to improved cracking resistance. Furthermore,
the optimum blast furnace slag replacement for better cracking resistance depends on the
expected exposure condition of the structure.

Keywords: self-compacting concrete; drying shrinkage; restraint shrinkage stress; cracking
resistance; 3D FEM analysis

1. Introduction

When self-compacting concrete was first proposed by Dr. Hajime Okamura in Japan
in 1986, it was regarded as a special type of concrete. Beginning in the early 1990s, several
countries developed an interest in it, and its application gradually and rapidly became
popular [1]. Since then, self-compacting concrete has evolved from the initial special type
of concrete to a significantly essential type of concrete, driven by increasing technological
advances that demand its use, e.g., in complex form structures, 3D concrete printing, and
other innovative applications [2].

Despite the tremendous gains in popularizing self-compacting concrete, challenges
still exist, among which include perceived low cracking resistance. The cracking resistance
of concrete is the ability of the concrete to resist crack development and propagation.
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Cracks in concrete constitute a pathway for the aggressive environmental media to attack
concrete and influence its durability [3]. Studies have indicated that low cracking resistance
in self-compacting concrete is associated with the high shrinkage and the high heat of
cement hydration because of the high volume of paste used and low water-binder ratio as
compared to normal concrete [4]. Due to this aspect, researchers are trying various solutions
to mitigate this property, such as incorporating fibers such as micro steel fibers [5,6].

The design and production of self-compacting concrete requires a high volume of
binders and superplasticizers to achieve flowability and self-compactability [7,8]. To reduce
CO; emissions associated with ordinary Portland cement (OPC) production and to address
other environmental concerns, many researchers have explored the use of various industrial
by-product materials, such as fly ash and blast furnace slag, as a partial replacement for
OPC in the production of self-compacting concrete [9-12].

The hydration heat of cement, which is associated with binder content and water-
to-binder ratio, is the main factor that causes thermal stresses, which results in concrete
cracking [13]. If stresses generated exceed concrete tensile strength, concrete cracks will
occur [14]. Autogenous shrinkage strains caused by self-desiccation further increase stress
and contribute to cracking in concrete. In conventional concrete, the autogenous shrinkage
strain is generally not so large, but in concrete with a low water-cementitious materials
ratio (w/c) or with silica fume it may be considerable [10]. With the decrease in the water-
to-binder ratio (w/c) and the popularization of modern concrete, more attention has been
given to autogenous shrinkage, self-desiccation, etc. [15]. These factors normally occur at
an early age (within one week to two months after casting) of concrete.

In their past research, Tucry P et al. noted that there is no significant difference in
total shrinkage between self-compacting concrete and ordinary concrete [16]. Thus, the
effect of drying shrinkage on the cracking of concrete was not clearly established until
recently when researchers like Ishikawa et al. demonstrated that drying shrinkage has
a significant influence on concrete cracking [17]. Even so, the effect of extended drying
shrinkage, especially on mass concrete structures, is still not so clear.

Thermal stress analysis in mass concrete structures has been a major problem since
the 1960s [18]. With the advancement of technology, mechanisms, and establishments of
prediction and control have strongly been pursued. Due to this, the FEM stress analysis
program, called JCMACS, used to calculate and predict restraint stress in concrete caused
by temperature change due to heat of cement hydration and autogenous shrinkage, was
developed by the Japan Concrete Institute (Japan Concrete Institute). This program has
been widely used to control thermal cracking in massive concrete structures at an early age
(within one week to two months after casting). In this program, a feature for analyzing the
stress caused by the drying shrinkage of concrete was recently introduced after various
research proposals indicated that drying shrinkage contributed significantly to concrete
cracking [17]. It has not been quite clear what the contribution of drying shrinkage is to the
cracking that normally occurs in massive self-compacting concrete with blast furnace slag
subjected to drying for an extended period of time. It is expected that as drying continues,
stress gradually decreases due to stress relaxation caused by the effect of creep [19].

To consider the stress relaxation effect due to creep, the program provides a conserva-
tive reduction factor to calculate the effective Young’s modulus of elasticity. The application
of this reduction factor works well for the thermal stress analysis of concrete within a short
span of about 1 or 2 months. Thermal stress analysis for concrete members/specimens
subjected to extended drying using the recommended factor gives unreasonably high
stresses compared to the experimental stress results. In their attempt to find out the effects
of this factor, Ryoichi A. et al. studied the thermal stresses of various concrete mixtures and
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concluded that the factor is affected by the variation of hydration heat of cement [20]. Their
study was, however, for a short curing period of less than a month.

This study, therefore, intends to evaluate precisely the influence of drying shrinkage on
restraint stress of massive self-compacting concrete with blast furnace slag under extended
drying using 3D FEM stress analysis. Experiments to determine adiabatic temperature rise,
compressive strength, Young’s modulus, and drying shrinkage were conducted, and the
experimental results were used as input data for 3D FEM stress analyses. An experiment to
find out restraint stress due to drying was carried out, and the results were compared with
3D FEM stress analysis results. A new procedure to consider the effect of stress relaxation
due to the effect of creep in concrete was proposed for use in JCMAC3. Based on the stress
analyses for a massive concrete model structure using the proposed reduction factor, the
cracking resistance of self-compacting concrete with various replacements of blast-furnace
slag is discussed. The general research outline is shown in Figure 1.

Experiment results used as input parameters
| | !
. . FEM Stress analysis | Stress
HE ST e using conventional @(£.)|  |analysis of
?Strain adjustment ?”Proposed reduction = [Self-
1 factor (o) 1 factor (¢ (t.)) compacting
- - : concrete
Experimental drying Restraint stress due to mass model
shrinkage strain drying
»| structure

Figure 1. An overview of the research outline.

2. Materials and Methods
2.1. Materials Used

Ordinary Portland cement (N) conforming to JIS R 5210 was used in all mixtures.
Ground granulated blast furnace slag (BFS) conforming to JIS A 6206 was used as a min-
eral admixture for partial replacement of OPC. In general, BFS with Blaine fineness in
the range of 4000 cm?/g is the most commonly used mineral admixture in Japan. The
scanning electron microscope (SEM) images of OPC and BFS are shown in Figure 2. Fine
and coarse aggregates conforming to ASTM C33 and JSCE 2012 standards were used [21,22].
River sand was used as fine aggregates with a specific gravity of 2.59 g/cm?, percentage
water absorption of 2.55%, and fineness modulus of 2.83. Coarse aggregates are from
crushed sandstone with a maximum size of 20 mm and a specific gravity of 2.64 g/cm3.
A polycarboxylic-type high-range water-reducing and air-entraining agent (HRWAE) su-
perplasticizer was used to enhance flowability, and the air entraining agent (AE) was used
to keep the target air content. The chemical compositions and physical properties of the
cementitious materials used are shown in Table 1.

Table 1. Physical and chemical properties of cementitious materials used.

Cementitious Density  Fineness Chemical Composition (%)
Materials (g/cm3) (cmzlg) ig-loss SiO, Al,O3 Fe, O3 CaO MgO SO; Na,O K,O
OPC (N) 3200 0.94 20.84 5.49 3.07 63.89 1.97 2.40 0.40 0.32
BFS 4590 0.16 32.30 13.93 0.42 42.97 5.68 2.06 0.17 0.29
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Figure 2. SEM images of OPC and blast furnace slag powder used in the experiment.

2.2. Mix Proportions of Concrete

The Japanese method of mix proportioning was adopted in the design of self-
compacting concrete (SCC) as stipulated in JSCE 2012 guideline, and “rank 2” powder-type
self-compacting concrete was prepared and used to cast the test specimen [23]. Rank 2
self-compacting concrete is concrete that can be self-compacted through minimum rebar
clearance of 60 to 200 mm. This normally corresponds to a steel content of 350 to 100 kg/m?3.
Target slump and air content were kept at 650 £ 50 mm and 4.5 + 1.0%, respectively.
Conventional concrete made from OPC was used as a control specimen. Material mix
proportions are shown in Table 2, where W/ B represents the water-to-binder ratio, and
W /P represents the water-to-powder ratio as a volume percentage.

Table 2. Material mix proportions.

BFS W/Pin  Abs Agg. Unit Contents (kg/m’) o, HRWRAE
Mix W/B . AE Cx% Cx%
Name Replacement %) Volume Vol Water Binder (B) Aggregates X0
s (9 ° o, 373
Ratio (%) (%) (m>/m?>) w OPC BFS S CA

SCC30 30 33.5 103 366 157 855 739 0.009 0.97
SCC50 50 32.0 97 0.28 175 273 273 828 739 0.012 0.73
SCC70 70 32.5 97 161 376 828 739 0.012 0.66
OPC(N) 0 55.0 174 0.36 180 327 - 812 957 0.001 1.0

2.3. Test Methods
2.3.1. Fresh and Hardened Properties of Concrete

Fresh properties of self-compacting concrete were tested to verify self-compactibility
equivalent to rank 2 as per JSCE recommendation and concrete specimens prepared [23].

For the compressive strength test, specimens were cast on cylindrical molds 100 mm
in diameter and 200 mm in depth. The specimens were cured under water at 20 °C, and
strength test measurements were performed at the ages of 3, 7, 28, and 91 days according
to ASTM C39/C39M-18 [24]. The casting temperature of all the samples was an average of
21 °C, with the max and min temperatures being 24.5 °C and 19 °C, respectively.

2.3.2. Heat of Cement Hydration

The temperature rise of concrete due to the heat of cement hydration was measured
under semi-adiabatic conditions. Specimens were cast in insulation molds with internal
dimensions of 400 mm in width, depth, and height, which were made of foamed polystyrene
with a 200 mm thickness; the temperature of the central portion of concrete was measured
as shown in Figure 3 using an embedded strain gauge. The room temperature was kept
constant at 20 & 1 °C throughout the experiment.
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Figure 3. (a) Schematic plan view of the mold and (b) Specimen casting in the mold.

The adiabatic temperature rise of the concrete samples was determined using the
observed semi-adiabatic temperature rise, and it was approximated by Equation (1) [25].

pCVT' — Shé = pCV¢’ 1)

where p is the density of the sample specimen (kg/m?), C is the specific heat capacity of
concrete taken as (1.05 KJ /kg °C), V is the volume of the sample specimen (m?), and S is
the surface area of the sample specimen (m?). h is the heat transfer coefficient (W/m? °C)
obtained as 0.403 for SCC30, 0.430 for SCC50, 0.485 for SCC70, and 0.450 for OPC. ¢’ is
the rate of change of temperature per second and 6 is the adiabatic temperature change
with respect to constant room temperature. T is the temperature gradient existing between
the sample specimen and the constant room temperature computed as a function of the
above-described variables. In the specimens for semi-adiabatic temperature rise tests, the
temperature difference between the center and surface of the concrete was very small,
according to the preliminary experiments.

The adiabatic temperature rise of concrete can also be determined using the ob-
served temperature rise under semi-adiabatic conditions and is approximated according to
Equation (2) of the Guidelines for Control of Cracking of Mass Concrete, herein referred
to as the JCI Guidelines 2017 [26]. Using a multi-component model for hydration heat,
data are fitted using multiple regression analyses. The parameters Qc, AT, and S 4t are
calculated as functions of cement type, unit content of cement, and placement temperature.

Qt) = Quolt — exp{—rar(t — to,0) *""}] @

where t = age (days), Q(t) = adiabatic temperature rise (°C), Qe = ultimate adiabatic
temperature rise (°C), rat and Sat = parameters representing rate of adiabatic temperature
rise, and tp o = age at starting of temperature rise (days).

2.3.3. Autogenous Shrinkage

Autogenous shrinkage strains of self-compacting concrete specimens were carried
out as proposed by the Japan Concrete Institute testing method, chapter 4 [27]. The
autogenous strain was measured alongside semi-adiabatic temperature rise at the central
portion of the specimen using an embedded strain gauge (which can measure strain and
temperature rise simultaneously), as shown in Figure 3. Strain measurements were adopted
after the initial setting time of each mixture. Autogenous shrinkage strain is calculated by
subtracting thermal strain from observed strain. Thermal strain is calculated by multiplying
temperature change with the coefficient of thermal expansion. The coefficient of thermal
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expansion describes how the size of a material changes with a change in temperature
and varies for each material. For concrete mixtures in this test, the coefficient of thermal
expansion used was 10 x 107¢/°C. The autogenous shrinkage strain of the OPC(N) concrete
specimen was predicted using standard equations and constants from JCI Guidelines
2017 [26]. This is because OPC is one of the standard types of cement in Japan covered in the
JCI guidelines, and autogenous shrinkage can be computed precisely without necessarily
doing the experiment. This procedure is also described in our previous research [28].

2.3.4. Drying Shrinkage

For the drying shrinkage test, specimens were cast on molds of 100 x 100 x 400 mm,
and the tests were carried out according to ASTM C157 [29]. The specimens were demolded
after 1 day and cured under water at 20 &= 1 °C until 7 days after casting. Before the start
of measurement, two contact cells were mounted centrally along the 400 mm length face
at 300 mm apart, and the same was performed on the opposite face as gauge points. The
length change of the specimen was measured between the attached contact cells on each face
using a high-precision dial gauge. Two specimens were prepared for each mix proportion
and stored at 20 £ 1 °C and R.H 60 =+ 5%. Drying Shrinkage was measured at 0, 1, 7, 14, 28,
56, 91, and 180 days, as shown in Figure 4. Note that after 1 week, drying shrinkage and
autogenous shrinkage are included in the measurement. Since the autogenous shrinkage
of slender members (in this period) is much less than drying shrinkage, we refer to the
shrinkage of concrete subjected to drying after 7 days as drying shrinkage [10].

(b) Drying shrinkage measurement

(a) Marking and pasting contact cells

Figure 4. Setting and measurement of drying shrinkage strain.

2.3.5. Restraint Stress Due to Drying Shrinkage

For shrinkage cracking tendency, the restraint stress of concrete subjected to drying
was measured by the uniaxial restraint stress test method as proposed by the Japan Concrete
Institute, as shown in Figure 5 [27].

Reinforcing bar ~ Teflon sheet

3 /

—— ey pr—

N v

Mold R Specimen

Figure 5. (a) Mold apparatus for shrinkage restraint stress test and (b) Specimen stored in drying condition.
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A deformed rebar with a nominal diameter of 25 mm was embedded at the center of
the concrete specimen of 100 x 100 x 1100 mm. Rebar ribs and lugs were removed within
the central portion within 300 mm. Two strain gauges were attached unidirectionally,
centrally, and on opposite diametric lines of the portion and sealed with 0.2 mm thick
Teflon sheet to eliminate bonding between rebar and concrete. After casting concrete,
samples were cured under sealed conditions for 7 days to simulate actual mass concrete
structure other than under-water curing and then exposed to constant drying at 20 £ 1 °C
and R.H 60 + 5%. Measurements of strain on rebar were started and continued until the
age of 180 days. The restraint stress of concrete was determined from the strain of the
rebar measured by the attached strain gauges. A sudden decrease in the strain of the rebar
indicates a crack on the concrete specimen.

3. Results and Discussions
3.1. Heat of Cement Hydration

The results in Figure 6 show the semi-adiabatic and adiabatic temperature rise of
concrete specimens. The temperature increase in cast concrete is a result of the heat evolved
through the heat of cement hydration. This characteristic property is responsible for thermal
cracking in concrete structures at early ages [30]. The rate of adiabatic temperature rise
is high in SCC30. This is because, in SCC30, the content of OPC in the binder is high.
The hydration reaction in OPC is rapid at the initial stages due to a high C3S content,
thus a high rate of adiabatic temperature rise [28]. The maximum concrete temperature is
high in SCC50, indicating that a lot of hydration heat is generated during the hydration
reaction. This is due to the high amount of binder used. SCC70 concrete specimens
have low maximum concrete temperature because of their high replacement ratio of blast
furnace slag (BFS). Generally, conventional OPC concrete registered the lowest concrete
temperature rise due to high w/c and low binder content used, while self-compacting
concrete (SCC) registered a high-temperature rise due to low w/c and high amount of
powder used [31]. The corresponding constants of the heat of cement hydration Qe and
a7 of each mix proportion are shown in Table 3. These constants are necessary input
parameters for thermal stress analysis to calculate thermal strain and stress.

80 {(a) Semi-adiabatic temperature rise‘ 80 ﬂ(b) Adiabatic temperature rise
70 L 70 b e -
------- SCC30
60 - -.-8CC50 o0t
o950 PN ----5CC70 250
< N, —OPC(N) ~
v 40 i = o 40
8 N L= S T SCC30
’;: 30 A §30 ---8CC50
B i S50 L7/ ----SCC70
£ 20 g : —OPC(N)
g10 H! SR (Y 1
= : i)
U ! ¢
Y - e = 0
Q 3 6 9 12 15
10 Q 3 15 10 b

Age (Days)

Figure 6. Semi-adiabatic and adiabatic temperature rise of concrete specimens.
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Table 3. Input parameters of concrete properties for use in 3D FEM analysis.
Mix Proportions
Input Parameters
SCC30 SCC50 SCC70 OPC(N)
Thermal properties
Coefficient of thermal conductivity (W/m°C) 2.7 2.7 2.7 2.7
Specific heat (KJ/kg°C) 1.15 1.15 1.15 1.15
Density of concrete (kg/ m°) 2295 2288 2280 2277
Ultimate adiabatic temperature rise Qe (°C) 64.0 71.2 50.8 514
Temperature rise characteristic (rar) 2.16 1.15 1.61 1.22
Effective age at start of heating (t,0) (days) 0.225 0.100 0.174 0.140
Mechanical properties
28-day compressive strength (N/mm?2) 63.53 68.54 65.74 34.5
Coefficient (a) 3.204 7.12 3.542 3.686
Coefficient (b) 0.862 0.713 0.876 0.866
Setting time (S¢)—(days) 0.305 0.302 0.214 0.259
Tensile strength coefficient (Cy) 0.13 0.13 0.13 0.13
Tensile strength coefficient (Cy) 0.85 0.85 0.85 0.85
Modulus of elasticity coefficient (C3) 6300 6300 6300 6300
Modulus of elasticity coefficient (C4) 0.45 0.45 0.45 0.45
Poisson’s ratio 0.2 0.2 0.2 0.2

100

Autogenous Shrinkage Strain -(x10-6)m
N
a1
o

Autogenous shrinkage

Raw experiment data

3.2. Autogenous Shrinkage Strain

Autogenous shrinkage strain results are shown in Figure 7. Autogenous strain is the

self-created bulk strain of cement paste, mortar, or concrete during and after hardening, ex-

cluding strain due to temperature change. In conventional concrete, autogenous shrinkage

strain is not so large, but in concrete with a low water-to-cementitious materials ratio (w/c),

it is considerably large [10]. The results in Figure 7 agree with this argument in that the

autogenous shrinkage of SCC concrete samples with low w/c (0.3) has a high autogenous
shrinkage strain as compared to that of OPC.

......... SCC30 ——
e e e e e IS SCC70 — OPC(N)

i'\ 30 45 60 75 90 105 120 135 150 165 1§40
B

r \‘\ :

et e

Temperature Adjusted Age - te (Days)

Figure 7. Autogenous shrinkage strain of concrete specimens.

In their research, Yang et al. suggested that concrete with a low water-to-cement ratio

and large amount of binder, such as high-strength concrete and self-compacting concrete

containing finely granulated blast furnace slag, exhibit significant autogenous shrinkage,

which is due to hydration of the binder. This phenomenon is among the causes of crack

generation in this type of concrete [32].
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3.3. Drying Shrinkage Strain

Figure 8 shows the experimental drying shrinkage results of the concrete specimens
over a period of six months. According to ACI concrete terminology, drying shrinkage in
concrete is the decrease in length or volume change of the hardened concrete due to loss of
capillary moisture [33]. This is a very important property in concrete materials since it also
influences its durability.

Concrete age (days)
15 30 4 60 75 90 105 120 135 150 165 180

-0+ SCC30
- O- SCC50
-~0=--SCC70
—A— OPC(N)

Figure 8. Experimental drying shrinkage strain of concrete specimens.

Recent research by Ishikawa et al. indicates that capillary moisture evaporation pro-
duces tensile stresses within concrete that lead to concrete cracking [17]. According to
ASTM C157 and Japanese Architectural Standard Specification 5 (JASS5), 28 days of ac-
ceptable drying shrinkage needs to be under 500 and 800 micro-strains, respectively, for
cracking safety [29]. This is on the assumption that after 28 days, concrete has attained
enough strength and that the influence of drying shrinkage is insignificant. In this experi-
ment, concrete specimens tested meet this 28-day specification requirement, with SCC50
experiencing the highest drying shrinkage strain (473 pm). Thereafter, after 28 days, as
drying continues, drying shrinkage strain keeps increasing. The drying shrinkage trend is
maintained by self-compacting concrete, while the drying shrinkage rate for OPC becomes
higher until the age of 180 days, when its drying shrinkage strain is 782 um. Results also
indicate that a low water-to-binder ratio in SCC is significant in mitigating drying shrinkage
because there is hardly any free pore water available for evaporation [17]. Considering
the effects of the mineral admixture (BFS) replacement ratio, it can be seen that a high
replacement ratio, i.e., 70% of BFS (5CC70), has low drying shrinkage strain. This result
agrees well with the findings of Jamila M. A et al., in which a 60% replacement of fly ash
reduced the drying shrinkage of self-compacting concrete [34].

3.4. Restraint Stress Due to Drying Shrinkage

In this study, the restraint stress of SCC30, SCC50, SCC70, and OPC(N) concrete
samples subjected to drying at 20 °C and 60% R.H. was measured. The test results of the
restraint stress of concrete are shown in Figure 9, in which the results of each mixture are
expressed as positive values on the vertical (Y) axis. Since the specimens were subjected
to drying from the age of 7 days, the restraint stress observed before 7 days is ignored
since it is predominantly caused by autogenous shrinkage. This is because free autogenous
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deformation expands within 1 day and shrinks rapidly from 3 days to 7 days, and the
resultant strains almost cancel out [19]. From the age of 7 days, both autogenous shrinkage
and drying shrinkage occur steadily and are the cause of restraint stress, with drying
shrinkage being the dominant factor for these mixtures.

----- SCC30-1 ——— SCC30-2
----- SCC50-1 ——— SCC50-2
----- SCC70-1 ——— SCC70-2
——— OPC(N)-1 «eeeeee OPC(N)-2

30 45 60 75 90 105 120 135 150 165 180
Age (days)

Figure 9. Restraint stress of concrete specimens subjected to drying shrinkage.

It can be seen from the figure that restraint stresses increased steadily with drying.
After about one and a half months of drying, the rate at which stress increases is reduced
due to the effect of creep [19].

Considering the effect of BFS replacement ratios on restraint stress due to drying,
stress build-up in SCC30 is higher (2.7 N/mm?) than in SCC50 and SCC70. This is because
of a high amount of OPC, which generates a lot of heat from cement hydration that causes
more stress. A high replacement ratio of BFS (SCC50 and SCC70) reduces drying shrinkage
stress due to the increased presence of calcium silicate (hydration product from BFS) in
the mixture, which effectively contributes to a reduced porosity and densifies the matrix,
thus mitigating extensive drying [35]. Compared with normal OPC concrete (N), cast
without any BFS replacement, it took the shortest time (30 days) before cracks were seen.
This indicates that SCC with BFS and a low w /b ratio is able to reduce restraint drying
shrinkage stress and improve cracking resistance better than normal OPC concrete. The
resistance to shrinkage cracking caused by thermal, autogenous, and drying shrinkage of
self-compacting concrete with BFS cement is discussed in the succeeding section.

3.5. Restraint Stress Analysis by 3D Finite Element Analysis Method
3.5.1. General Outline of Stress Analysis by 3D Finite Element Analysis Method

Stress analysis by 3D FEM analysis was carried out using a computer program (JC-
MACS3), as outlined in Figure 10. Input parameters as obtained from experiments are
highlighted in green. In the analysis, stress relaxation due to creep for concrete subjected to
drying shrinkage was considered using a conventional reduction factor ¢(¢,) for effective
Young’s modulus. The analysis results are compared with experimental results (restrained
stress and drying shrinkage). The influence of creep on concrete stresses is evaluated
using effective Young’s modulus, which is obtained by multiplying Young’s modulus by
a reduction coefficient ¢(t.). Typically, the reduction coefficient used is 0.42 from casting
until the age when the concrete temperature reaches the maximum and 0.65 at later ages, as
recommended by JCI guidelines 2008 [18]. In this study, a new procedure to consider stress
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Autogenous
Shrinkage test

relaxation due to the effect of creep in concrete is proposed by modifying the conventional
reduction coefficients. The newly proposed reduction factor, ¢(t.), was used to precisely
evaluate the influence of drying shrinkage on the stress of massive concrete structures
subjected to up to 6 months of drying.

Adiabatic temperature FEM moisture
rise test | transfer analysis
1
FEM Heat transfer | Relative Humidity |
analysis

| Capillary Tension Theory

[ Temperature | |Drying Shrinkage Force|

L Strain adjustment Factor (c)|

| Autogenous Strain |+ [ Thermal Strain |+ [ Drying Strain__|*-{-*>Drying Shrinkage test
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| Total Strain | }
Effective Young’s Modulus

Restraint
conditions etc.

———FEM Stress analysis +| Je/7 (fe) = @(Le) X Ec(te)
: \

— .PProposed Reduction Factor ¢(t,)]

v
Restraint Stress test

Figure 10. Outline of the flow steps in 3D FEM analysis of strain and stress in concrete.

3.5.2. Restraint Stress Due to Temperature Change and Autogenous Shrinkage

Stress analysis by the 3D FEM program (JCMAC3) was performed based on exper-
imental results of concrete properties as input parameters. In thermal stress analysis,
the transient heat transfer analysis was carried out using the experimental adiabatic tem-
perature rise of each mixture. Each of the mix proportions has a different set of input
parameters, as summarized in Table 3. A constant initial temperature of 20 °C was used for
all the mixtures.

In thermal stress analysis, autogenous shrinkage strain is added to thermal strain,
and linear elastic analysis is carried out by using Young’s modulus (E.) proposed by
the Japan Concrete Institute; stress relaxation due to creep of concrete was considered
by using effective Young’s modulus (Eeﬁ), as described in Equation (6) [18]. The tensile
strength and Young’s modulus of concrete in each mixture were determined from the
observed compressive strength using Equation (3) and Equation (4), respectively, as per JCI
Guidelines 2017 [26]. Tensile strength is used to calculate the cracking index, which is an
indicator of cracking tendency.

fi(te) = Cp x fle(t,)® 3)

Ec(te) = C3 x fl(t)* 4)

where f; (t,) is the tensile strength of concrete at to (N/mm?), f.’ (t,) is the compressive
strength of the concrete at t. (N/ mm?), E. (t,) is the modulus of elasticity at to (N/ mm?),
C1, Gy, C3, and Cy are the constants recommended by JCI guidelines 2016 to be 0.13, 0.85,



Infrastructures 2025, 10, 11

12 of 24

6300 and 0.45, respectively, and t is the temperature adjusted age in days and is computed
according to Equation (5).

4000
273+ T(AH) /Ty

n
te=)_ At x exp|13.65 —
i=1

(5)

where At; is the period of constant temperature continuing in concrete (day), T (At;) is the
concrete temperature for At; (°C), and Ty is 1 °C.

Stress relaxation and creep are time-dependent variables in concrete. External load or
stress applied to the specimen may relax gradually due to the time-dependent properties
of concrete [36]. To consider stress relaxation due to creep, a reduction factor—¢(t.) is
introduced and multiplied by Young’s modulus of concrete, as shown in Equation (6).
This reduction coefficient is taken to be 0.42 until the maximum temperature is reached at
the adjusted temperature age t, and 0.65 at later ages, from one day after the maximum
temperature, @(te) is linearly interpolated between 0.42 and 0.65 for the one-day gap. It
is noted that ¢(t,) is taken to be the smaller value during the temperature increase stage
than after the time at the maximum temperature since stress relaxation of concrete is more
significant at very early ages than at later age. Large stress relaxation of early-age concrete
was also experimentally investigated by other researchers [19,20].

Eerf(te) = ¢(te) % Ec(te) (6)

where Eeﬁc( te) is the effective modulus of elasticity of concrete at f,, E;(t,) is the modulus
of elasticity of concrete at t,, and ¢(t,) is the reduction factor for the modulus of elasticity
of concrete.

3.5.3. Consideration of Drying Shrinkage of Different Mixtures

Drying shrinkage of concrete is affected mostly by the properties of the materials used
and environmental conditions. It has been shown that the type of coarse aggregates used
is also one of the dominating factors affecting concrete drying shrinkage [37]. In order
to consider the effect of the variations in each mix proportion on the drying shrinkage of
concrete, adjustment factor (o) is introduced and used in JCMAC3. During FEM analysis,
the free drying shrinkage strain of each element is multiplied by the adjustment factor
() [38]. M. Ishikawa and K. Nijis proposed to use pore size distribution of hardened cement
paste to predict free drying shrinkage of typical mixtures in JCMAC3 [17]. However, pore
size distribution is not a generally obtained information. Therefore, in this study, the
standard drying shrinkage test procedure using a 100 x 100 x 400 mm specimen is used to
consider the effect of the mixture on drying shrinkage instead of pore size distribution.

In order to obtain adjustment factor (), FEM analyses were performed, in which an
eighth portion of the beam model (50 x 50 x 200 mm) corresponding to experimental
drying shrinkage beam specimen (100 x 100 x 400 mm) was used as shown in Figure 11. To
calculate the drying shrinkage strain in members and structures, the program performs FEM
moisture transfer analysis was used to obtain the relative humidity of each element. Then,
the radius of evaporated capillary pore water is computed based on pore size distribution
and drying shrinkage force in the remaining capillary pore water. Based on capillary
tension theory, the free drying shrinkage strain of each element is computed. Using pore
parameters of each mix proportion and capillary tension theory, drying shrinkage force is
computed. This concept is based on the general fact that when the water existing inside
the pore evaporates, tensile force is exerted, which acts by pulling the walls of the pores
towards each other. In this analysis, typical pore size distribution for normal concrete with
a water-to-cement ratio of 45%, reported by M. Ishikawa, was used [17].
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Figure 11. 3D FEM beam model structure for drying shrinkage strain.

The drying shrinkage strain of the specimen from FEM analysis is then compared
with experimental drying shrinkage, and the appropriate strain adjustment factor («) is
computed. This factor is unique to each mix proportion. Thermal strain and autogenous
strains are also computed using heat of cement hydration and autogenous shrinkage data
of each mix proportion, respectively. These strains are much less than drying shrinkage
strains in the specimens with such a small dimension and under drying conditions [39].

Results of 3D FEM analysis for the drying shrinkage strain of the specimens are
shown in Figures 12-15. In this study, the strain adjustment factor (x) was determined so
that the drying shrinkage of the specimen from FEM analysis fits the experimental value
after 180 days of drying. However, the rate of drying shrinkage from the FEM results is
larger than that from the experiment. The difference is attributed to the fact that a similar
pore size distribution was used for each mixture in FEM analysis. In the future, for more
precise calculation, it is recommended to measure and use the pore size distribution of
each mixture.
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~ YR T T [=-scchewe
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E, -200 “b -------- SCC30-FEM Adjust.
g-300 |
= ]
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.E‘_ ~~~~~~~ o“--—-—--.:..“-.._.'_"."_"."_"_--
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Figure 12. Adjustment of SCC30 FEM strains.
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The adjustment factors for each mix proportion are shown in Table 4. These factors
are utilized in the restrain stress analysis described. The trend in FEM analysis strain is
similar to the trend in experimental strains. Self-compacting concrete exhibits low drying
shrinkage strain compared with OPC concrete.

Table 4. Strain adjustment factors (x) in FEM analysis for drying shrinkage.

Mix proportion SCC30 SCC50 SCC70 OPC(N)
Adjustment factor 143 1.31 1.01 0.65

3.5.4. Restraint Stress Due to Drying Shrinkage

For 3D FEM analysis of restraint stresses in the beam specimen (100 x 100 x 1100 mm)
due to drying shrinkage, An eighth portion of the beam model was used, as shown in
Figure 16. Corresponding experimental data of each mix proportion, such as autogenous
shrinkage, adiabatic temperature rise, drying shrinkage, and material properties necessary
for analysis, are input. In addition, the adjustment factor obtained from strain adjustment
is included as input data. Restraint stresses due to drying for each mix proportion are
analyzed. 3D FEM analysis stresses and experimental restraint stresses due to the drying
of each mix proportion were compared, and an appropriate reduction factor, ¢(t.), for an
effective Young’s modulus of elasticity was proposed. This is a factor that can obtain an
output stress almost the same as the experiment stress. This factor is independent of the

individual mix proportions.

Modeled

CL

r 100.0 L
Figure 16. 3D FEM beam model structure for restraint stresses due to drying shrinkage.

Note that to calculate restraint stresses due to temperature change and autogenous
shrinkage, a conventional reduction factor, ¢(t.), proposed by JCI guidelines, is used to
compute effective Young’s modulus of elasticity, Eqff(te) [18]. The dotted line shown
in Figure 17 is the conventional reduction factor ¢(t.). This conventional value ¢(t.) is
normally sufficient for stress analysis in concrete within a short period of a few weeks after
casting to about 2 months [26]. Ryoichi A. et al. proposed a reduction factor of Young’s
modulus of early-age concrete younger than 2 weeks, but they did not study the value
of ¢(t.) for concrete subjected to drying for an extended period of time [20]. When the
conventional reduction factor ¢(f.) is used, the calculated restraint stresses increase more
rapidly, contrary to the experimental results.
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Figure 17. Proposed reduction coefficient for modulus of elasticity of concrete.

The proposed value of ¢(t,) was assumed to be constant for each mixture, as is
the case for the conventional value of ¢(f.); it was determined that the analyzed stress
approximately agrees with those obtained by the experiments.

The analysis and experimental results are compared and shown in Figures 18-21. It
can be seen that the calculated stress using the proposed value of ¢(t.) has better results
than using the conventional value of ¢(t,). The proposed value is able to accurately
compute stresses to a marginal error of £15% from the experimental results. It is noted
that the value of ¢(t.) is taken to be a relatively small value, as shown in Figure 17.
Since drying shrinkage increases very slowly for an extended period, effective Young’s
modulus should be a considerably small value in elastic analysis to consider the large
effect of creep of concrete. From the results, It can be said that the new proposed reduction
coefficient precisely evaluates the restraint stress of self-compacting concrete subjected to
long-term drying.
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Figure 18. Proposed FEM analysis stress for SCC70.
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3.6. Estimation of Cracking Resistance of Self-Compacting Concrete Mass Structure Considering
Drying Shrinkage
3.6.1. Mass Concrete Model Structure for Restraint Stress Analysis

In order to discuss the cracking resistance of massive self-compacting concrete in actual
concrete structure applications, FEM analyses were carried out to simulate the restraint
stress due to temperature change, autogenous shrinkage, and drying shrinkage generated
in the wall-type model structure, as shown in Figure 22.

Concrete wall

ONOmERCE

S0y

g~ Concrete slab

Figure 22. Model structure of actual wall mass concrete for use in 3D FEM (A quarter portion).

The thickness of the wall is 1.0 m, the height is 4.2 m, and the length is 20.2 m. In
FEM analysis, one-fourth model is used. Wall concrete is cast one month after slab concrete
was cast, and the wall is subject to drying in the atmospheric conditions at 20 °C and
60% relative humidity after formwork removal at the age of 7 days. In the future, the
actual drying condition of a given place or region should be considered for analysis. The
coefficient of heat transfer of the mold is assumed to be 14 W/m? °C. The experimental
concrete properties of each mixture shown in Table 3 were used. The proposed reduction
factor, ¢(t.), was used to evaluate the influence of drying shrinkage for a period of up to
180 days. Analysis results indicate that tensile restraint stress in the longitudinal direction
generated in the wall member is dominant. These stresses are discussed as the main cause
of cracking in this type of structure.

In order to evaluate the cracking tendency of mass concrete structures, the cracking
index is used. The cracking index is defined as the ratio of the tensile strength of concrete
to tensile stresses as shown in Equation (7), which is proposed by JCI 2016 Guidelines for
the control of cracking of mass concrete.

__filte)
o= Sl @)

max

where I is the cracking index, ft(te) is the tensile strength (N/ mm?), o(te)max is the
maximum principal stress (N/mm?), and te is the temperature-adjusted age (day).
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3.6.2. Cracking Resistance of SCC Mass Concrete at Early Age

For crack control in mass concrete structures, restraint stress caused by temperature
change due to cement hydration and autogenous shrinkage is generally analyzed for the
period from 1 to 2 months. This period is dependent on the thickness of the member, and
about 1 month is recommended by JCI Guidelines for the size similar to the current model
structure [18]. Results from 3D FEM analysis show that at about 1 month, the critical region
with low cracking resistance is at the center (core) of the structure, as shown in Figure 23,
and agrees well with the trend in our previous research [10]. This trend is largely influenced
by the heat of cement hydration and autogenous shrinkage, which produces dominant
cracking stresses. The temperature rise due to cement hydration is higher in the core than
the surface of the wall. This results in larger thermal shrinkage, which corresponds to a
large temperature decrease. This non-uniform strain in the cross-section leads to an increase
in tensile stresses at the core, which is caused by internal restraint.

C.L
J o 1.500mm

Surface

High cracking
tendency region =

<«—Concrete
wall —
Il 2000mm ,I

Concrete
slab

Ground

clL Cracking
Critical cracking region at early age  Index

Figure 23. High cracking tendency region of the concrete wall structure at an early age.

At the core of the structure, the stresses are higher, as shown in Figure 24. Generally,
self-compacting concrete develops high stresses as compared with OPC. The trend of
stresses generated corresponds to that of heat of cement hydration. This is due to the
high heat of cement hydration caused by the high amount of binder content and a low
water-to-binder (w/c) ratio.

The cracking index analysis of the wall structure at the core indicates that the three
mixed proportions of self-compacting concrete have a lower cracking index than the control
specimen (OPC), as shown in Figure 25. This shows that self-compacting concrete has a
low cracking resistance at an early age compared to OPC. SCC70 has the highest cracking
resistance. This is because of the high replacement ratio of blast furnace slag. SCC50 has
the lowest cracking index, indicating a low cracking resistance. This is because of the high
restraint stresses occasioned by high autogenous shrinkage. After a short period of about
10 days, the cracking index in all mixtures drops significantly before becoming constant.
The significant drop is associated with the temperature changes that occur when concrete
temperatures decrease. The core is not affected by the drying condition, which occurs at
the surface of the member since a thick layer of concrete acts as an insulation.
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Figure 24. Stresses at the core of the concrete wall structure at an early age.
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Figure 25. Cracking index of the concrete wall structure at an early age.

3.6.3. Cracking Resistance of Massive SCC Concrete Subjected to Drying Age

When concrete is subjected to drying, drying shrinkage stresses are superimposed

on thermal stresses and autogenous shrinkage stress. In this case, the critical cracking
tendency region shifts from the core to the surface of the structure, as shown in Figure 26.
Drying shrinkage becomes the predominating factor, and critical cracking regions occur at

the surface of the member.



Infrastructures 2025, 10, 11

21 of 24

orhMwh oo N
O o0 ooooooo

o,-Longitudinal Stress (N/mm?)

-1.0

o
o

mm

<«— Concrete wall
Core || Surface

‘ High cracking
*/ tendency region

1
1
1
1
1
1
1
1
1
1
1
1
1

2000mm

\/ T
Concrete ~

slab |

|1300mm

Ground

clL

Critical cracking region after long term drying

Cracking
Index

Figure 26. Critical cracking region of the concrete wall at extended drying age.

Stress analysis results of the massive SCC concrete structure exposed to drying are
shown in Figure 27a and Figure 27b for the core and surface, respectively.

I(a) Concrete stress at the core after extended drying age|

L
—OPC(N)-Core
. —SCC30-Core
Drying —SCC50-Core
—SCC70-Core
10 18|0
Age (days)

&7.0

(b) Concrete stress at surface at extended drying age

— Drying
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—SCC30-Surface
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60

90 120 150 1?0
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Figure 27. Stresses at the core and surface of the concrete subjected to drying.

Results show that SCC50 experiences the highest stresses. This is because of the high
heat of hydration and autogenous shrinkage associated with it. At the core, OPC has low
stresses. This is due to a low temperature rise and low autogenous shrinkage. When the
structure is subjected to drying for up to 6 months, the trend at which stress is developed
in the surface changes. Stress increases gradually as time increases. In the case of self-
compacting concrete, SCC50 has the highest stresses. SCC70, however, becomes the second
most critical while SCC30 develops low stresses. SCC30 has the lowest stress, and this is
largely due to its low autogenous shrinkage, as explained earlier.

As drying continues, a critical region with low cracking resistance is at the surface
of the wall. Analysis results of the concrete cracking index at the surface of the wall after
prolonged drying are shown in Figure 28. When subjected to drying, the surface of the
concrete becomes critical. Considering the cracking index at the surface of the structure,
the trend is different from that at the core.
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Figure 28. Cracking index at the surface of the concrete wall subjected to drying.

At 6 months of drying age, SCC50 has a high cracking index, indicating that as drying
continues, it becomes better in cracking resistance than SCC30 and SCC70. This is because
SCC50 has a higher 28-day compressive than SCC30. This influences the calculation of
splitting tensile strength, which is used to calculate the cracking index. This shows that the
cracking resistance of each mix proportion may also depend on the exposure condition of
the structure and its strength at the control age (28 days). Research by Amir Hossein and
Mahmoud Nili also showed that self-compacting concrete is better than OPC concrete in
crack resistance when subjected to extended drying conditions [40].

4. Conclusions

1. A new reduction coefficient for effective modulus of elasticity is proposed to precisely
evaluate the influence of drying shrinkage on restraint stress using 3D FEM;

2. From FEM analysis of wall-type structures, it is proven that the optimum blast furnace
slag replacement for massive self-compacting concrete for better-cracking resistance
depends on the expected exposure condition of the structure;

3.  DPartial replacement of blast furnace slag contributes to low temperature and im-
proved cracking resistance at an early age while drying shrinkage influences cracking
resistance;

4.  Self-compacting concrete performs better than OPC concrete in concrete cracking
resistance when subjected to drying for up to 6 months.
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