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Abstract: Thermal stresses are generated in concrete during the accelerated curing process in precast
concrete. These stresses may cause concrete to crack, which would have a negative effect on the
general concrete performance. This paper provides the results of the thermal stress analysis of concrete
containing 25% replacement of ordinary Portland cement (OPC) by ground granulated blast-furnace
slag cement (GGBFS) with 3000 cm2/g fineness. A total of 2.5% of limestone powder and 1.75% of fine
gypsum by mass of OPC were incorporated in the other concrete mix proportion to check their effect
on the cracking tendency of concrete. The concrete was subjected to heat curing. JCMAC, a 3D finite
element analysis software developed in Japan, was used in this study for the thermal stress analysis.
The heat curing period of one day, similar to generally used in the precast concrete industry for civil
engineering products consisting of 3 h preheating period, heating to a peak temperature of 65 ◦C and
this temperature was kept for 3 h, and lastly cooling was used in the study. A standard precast box
culvert model member together with some experimental results obtained in the laboratory were used
in the analysis. Lower cracking resistance at 1 day was observed in both mix proportions that would
lead to cracking at demolding time. Curing sheets were then introduced in the analysis to cover
the precast mold during accelerated curing and this showed improvement in cracking resistance of
concrete containing limestone powder and fine gypsum.

Keywords: heat curing; ground granulated blast-furnace slag cement; autogenous shrinkage; 3D FEM
analysis; cracking index

1. Introduction

Cracks may develop in concrete structures at different ages due to several reasons, but the main
principle is the fact that concrete is a quasi-brittle material with a low capacity for deformation under
tensile stresses [1–3]. Cracks that may occur either at early or later age are often attributed to concrete
shrinkage and their extent has a negative effect on concrete durability. It has been recognized that
control of concrete cracking caused both by temperature change and shrinkage can be achieved
through the selection of proper materials, mix proportions, curing conditions, and construction
practice [4]. These measures promote concrete produced with desirable strength and durability.
Many factories in the precast concrete industry use accelerated curing methods and various concrete
mix proportions to achieve desirable early strength and minimize crack development at early and later
age [5]. The accelerated curing method such as steam curing is an economical and widely used method
that utilizes high temperature and steam at the atmospheric condition to achieve early strength gain [6].
Various supplementary cementitious materials (SCMs) such as ground granulated blast furnace slag
cement (GGBFS) are often used in precast concrete products [7].
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GGBFS cement is produced as a byproduct in the steel production plant and it has been utilized
in concrete to improve concrete properties such as workability at an early age, durability, and water
tightness at a later age. It also been used to increase concrete resistance to salt damage, restraining the
alkali-silica reaction, etc. [8,9]. Recently, attention is being paid to the fact that GGBFS addition in
concrete reduces the usage of Ordinary Portland Cement (OPC). OPC is the most used cement in
concrete but emits a lot of CO2 to the environment during its production [10]. Different types of GGBFS
cement are generally differentiated by their fineness or degree of activation [11]. Recently, a new type
of GGBFS with a specific fineness of at least 2750 cm2/g to less than 3500 cm2/g has been developed in
Japan. This cement has been used for mass concrete works but there is a need to also incorporate it in
the precast concrete structures. Previously, it has been proven that accelerated curing such as steam
curing significantly increases the early strength of concrete or mortar containing GGBFS [12]. Thus,
the need to check the suitability of this new type of GGBFS cement. Limestone powder or gypsum has
also been used as additives to improve concrete properties such as workability, strength development,
and durability in accelerated cured concrete [13]. Since there are different sources of limestone powder
or gypsum, it has been proven that incorporating such additives and their recycled forms in precast
concrete can help to reduce environmental degradation due to disposal of their related manufactured or
waste construction products. Thus, this has been identified as a sustainable way of recycling limestone
powder or gypsum-based materials [14–17].

At the same time as the accelerated curing process occurs in precast concrete, concrete undergoes
volume changes due to the external temperature, heat due to cement hydration, and autogenous
shrinkage. Autogenous shrinkage is microscopic shrinkage that occurs in concrete due to cement
hydration after the initial setting [18]. Drying shrinkage occurs in concrete due to the difference in
moisture inside and surrounding the concrete [19]. This may cause concrete to crack. It has been
published that Saito et al. had recommended that autogenous shrinkage in concrete can be reduced by
adjusting the fineness of blast furnace slag and content of gypsum in the binder [20]. As such, using the
recently introduced GGBFS cement, it is necessary to investigate the effect of this cement on shrinkage
and cracking tendency in accelerated cured precast concrete.

However, little experimental data is available on the thermal cracking tendency whilst and after
an accelerated curing process using this class of GGBFS cement. Given this, the focus of this study was
on using experimental data to investigate the effect of adding limestone powder and fine gypsum on
the cracking tendency of concrete at an early age using 3D FEM analysis. A standard precast concrete
box culvert model was used in this 3D FEM analysis. The study also looked at the extent of autogenous
shrinkage and drying shrinkage in accelerated cured concrete to provide experimental information on
concrete crack resistance at different times.

2. Materials and Mix Proportions

Table 1 presents the physical and chemical properties of the binder materials which were
under study in the laboratory experiments. Ordinary Portland cement (“N”, hereinafter) and
ground granulated blast-furnace slag cement (“BFS”, hereinafter) was used as the main binders.
Ordinary Portland cement is commercially produced and conformed to Japanese standard JIS R 5210:
2009—standard specification for Portland cement [21] and ASTM C150/C150M-18: 2018—standard
specification for Portland cement [22]. Whilst, BFS cement with 3000 cm2/g fineness conformed to JIS A
6206: 2013—ground granulated blast-furnace slag for concrete [11] and ASTM C989-06: 2006—standard
specification for ground granulated blast-furnace slag for use in concrete and mortars [23]. Fine gypsum
(“F.GYP”, hereinafter); and limestone powder (“LSP”, hereinafter) were used as additives. Table 2
shows the percentages of N, BFS, and the additives F.GYP and LSP contents by mass of N cement for
each concrete mix proportion. Air-entraining agent (AE) was used to make entrained air in concrete;
air-entraining and water-reducing agent (AEWR) was added to adjust concrete workability. Fine and
coarse aggregates used to prepare concrete specimens were river sand and crushed sandstone. The river
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sand used had 2.59 g/cm3 specific gravity, percentage of water absorption of 2.55%, and fineness modulus
of 2.83. The maximum grain size of coarse aggregates was 20 mm and 2.64 g/cm3 specific gravity.

Two concrete mix proportions containing different mineral admixtures and additive contents
were combined as shown in Table 3. The concrete mix proportions were formulated based on the JSCE
recommendations and the existing laboratory experiment results [24]. The control mix proportion
contained only N and BFS types of cement. The target slump values of 15 ± 2.5 cm and air content of
4.5 ± 1.0% were used for all mix proportions.

Table 1. Physical and chemical properties of binders used.

Cementitious
Materials

Density
(g/cm3)

Fineness
(cm2/g)

Chemical Composition (%)

ig-loss SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O

N 3.16 3200 0.94 20.84 5.49 3.07 63.89 1.97 2.4 0.4 0.32
BFS 2.90 3350 0.25 34.01 14.28 0.33 42.61 6.23 - 0.2 0.35
LSP 2.71 7420 43.40 - 0.08 - 55.3 0.23 0.0 - -

F. GYP 2.90 9680 1.10 0.90 0.20 0.10 39.7 0.10 58.0 - -

N—ordinary Portland cement; BFS—ground granulated blast-furnace slag cement; LSP—limestone powder;
F.GYP—fine gypsum.

Table 2. Percent by mass of binder per cubic metre of concrete.

Proportion Blending (%) Total (%) by Mass
N BFS LSP F. GYP

N + BFS 75 25.00 - - 100
N + BFS + LSP + F.GYP 75 20.75 2.50 1.75 100

Table 3. Concrete mix proportions.

Proportion W/B
(%)

s/a (%)
Amounts of Contents (kg/m3)

Chemical Admixture
AEWR (B X %)Water

Binder (B)
S G

N BFS LSP F. GYP

N + BFS 50 47 175 262.5 87.5 - - 812 933 1.0
N + BFS + LSP + F.GYP 50 47 175 262.5 72.6 8.6 6.1 811 933 1.0

W—water; B—Binder; s—sand; a— aggregates; g—coarse aggregates.

3. Experimental Methods

A pan concrete mixer was utilized for the preparation of all concrete mix proportions following
JIS A1119: 2014—method of test for variability of freshly mixed concrete by measuring mortar and
coarse aggregate contents [25] and ASTM C192/C192M: 2019—standard practice for making and
curing concrete test specimens in the laboratory [26]. Both the air-entraining and water-reducing
agent (AEWR) and air-entraining agent (AE) were added to the mixing water before casting concrete.
Air-entraining and water-reducing agent (AEWR) dosage was kept constant. This was according to
the application method as recommended by the manufacturer. The air-entraining agent (AE) was
adjusted to attain target concrete air content. Coarse and fine aggregates were mixed with the binders
for one and a half minutes. Thereafter, mixing water with chemical admixtures were added and all
the concrete ingredients were mixed for a further one and a half minutes. Immediately after mixing,
the concrete was batched in readiness for the testing of fresh concrete properties.

The main tests for the fresh concrete properties, which included slump, temperature, and air
content, were measured as recommended by JIS or ASTM standards [27–35]. Concrete specimens were
prepared to measure concrete strain using transducer strain gauges installed in the central portion of
100 × 100 × 400 mm beam molds. The transducer strain gauges were then connected to the data logger
as shown in Figure 1. Compressive strength tests were conducted using concrete specimens cast in the
100 mm diameter and 200 mm height cylinder molds in accordance with JIS A1108: 2006—method of
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test for compressive strength of concrete [36] and ASTM C39/C39M-18: 2018—standard test method for
compressive strength of cylindrical concrete specimens [37]. To measure the rise in concrete temperature
due to cement hydration under the semi-adiabatic condition, cubic molds with internal dimensions
of 200 mm consisting of foamed polystyrene of 200 mm thick, were used as shown in Figures 2–4.
Setting time of concrete was measured in accordance with JIS A 1147: 2007—method of test for setting
time by penetration resistance [38] and ASTM C403/C403M: 1999—standard test method for time of
setting of concrete mixtures by penetration resistance [39]. The mold containing the concrete specimen
for setting time was immediately covered and stored in the temperature-controlled room at 20 ◦C.

The specimens for compressive strength, shrinkage, and heat of cement hydration were
immediately sealed and were also kept in a temperature-controlled room at 20 ◦C and 80% relative
humidity (RH). Three hours after casting, some beam for shrinkage measurement and cylinder
specimens for 1 day, 7 days, and 14 days compressive strength tests underwent high-temperature
curing. The profile for the target ambient temperature utilized in the laboratory is shown in Figure 5,
which was similar to the generally used steam curing cycle in precast concrete plants. In this study, steam
was not applied. The other specimens in beam and cylinder molds were left in the temperature-controlled
room at 20 ◦C and 80% RH, the strain of which temperature was measured in beam specimens as well.

Concrete specimens were demolded at 1 day of which the accelerated cured specimens were
then subjected to drying condition in the temperature-controlled room at 20 ◦C and RH 60%.
Drying shrinkage was measured in beam specimens. Compressive strength tests in the cylinder
specimens were conducted at 1 day, 7 days, and 14 days. Beam specimens for autogenous shrinkage
measurement were sealed with aluminum adhesive tape and kept in the temperature control room at
20 ◦C. The 28 days’ compressive strength cylinder specimens were stored in water at 20 ◦C.
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4. Results

4.1. Fresh and Hardened Properties of Concrete

Table 4 shows the results obtained from the tests on the concrete slump, temperature, and air
content in all mix proportions. In both concrete proportions, similar results were obtained. The fresh
concrete properties were measured to check their suitability for casting and finishing purposes. It was
observed that the obtained results were within the suitable properties required in the precast concrete
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factory [7]. The concrete temperatures in this study were used as one of the input values in the 3D
FEM thermal stress analysis.

Setting time test results obtained are shown in Table 5. There was an increase in the setting
time in both concrete mix proportions in relation to the general time concrete made with N cement.
There is generally retardation in the setting time observed when mineral admixtures such as BFS
cement are added to concrete [40]. In this study, initial setting time was used as a starting point for the
measurement of autogenous shrinkage.

All compressive strength results obtained in the experiments are shown in Table 6 for both
accelerated cured concrete at 1 day, 7 days, and 14 days; and 28 days compressive strength for water
cured concrete specimens. It was observed that the addition of LSP and F.GYP improved strength from
1 to 14 days and at 28 days for the water cured concrete as well. Despite the addition of LSP and F.GYP
to the concrete, it was observed that even the control mix containing only N and BFS cement attained
the minimum demolding compressive strengths [41].

Table 4. Fresh concrete properties.

Mix Proportion Slump (cm) Air Content (%) Temp. (◦C)

N + BFS 19.3 5.8 18.5
N + BFS + LSP +

F.GYP 19.4 4.6 20.0

Table 5. Setting time of concrete.

Mix Proportion Initial Setting Time (h) Final Setting Time (h)

N + BFS 7.03 10.42
N + BFS + LSP + F.GYP 6.64 9.58

Table 6. Compressive strength of concrete.

Mix Proportion Accelerated Cured Concrete Water Cured Concrete

1 day 7 days 14 days 28 days

N + BFS 19.2 26.1 30.6 37.1
N + BFS + LSP + F.GYP 22.0 31.1 34.1 45.2

4.2. Accelerated Temperature History

Accelerated temperature histories observed on all mix proportions are shown in Figure 6 in which
a similar temperature rise of about 20 ◦C/h was used as recommended in AC1 51 7.2R-87 [41]. All the
mix proportions were heated to about 65 ◦C, which was the target temperature. At the start of cooling,
all the concrete specimens were kept inside the closed oven to avoid high-temperature difference in
and surrounding concrete, which could have led to thermal shock and cracking. The heating did not
have the automated cooling system installed but the cooling of concrete specimens was still achieved
at an average temperature decreasing rate of 1.8 ◦C/h. This cooling rate was within the recommended
range of about 2 ◦C/h as prescribed in AC1 51 7.2R-87 [41].

4.3. Autogenous and Drying Shrinkage in Accelerated Cured Concrete

Figure 7 shows the autogenous shrinkage during and after accelerated curing. To obtain autogenous
shrinkage, the total strain, which is the sum of thermal strain and the autogenous strain, was observed
in the experiments. The coefficient of heat expansion of concrete was taken to be 10 × 10−6/◦C [42].
Thus, the difference between a total strain and thermal strain provided the observed autogenous
strain. N + BFS + LSP + F.GYP showed higher expansion during accelerated curing and slightly lower
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shrinkage after accelerated curing. Figure 8 shows the observed drying shrinkage in which N + BFS +

LSP + F.GYP showed slightly lower shrinkage value throughout the experiment period.
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4.4. Heat of Cement Hydration of the Concrete—Semi Adiabatic Condition

Thermal cracking may occur in concrete members due to a rise in concrete temperature as a result
of cement hydration. The rise in concrete temperature can be determined by subjecting concrete to
adiabatic or semi-adiabatic condition. In this study, temperature rise due to heat of cement hydration
was determined in semi-adiabatic condition to check the effect of limestone powder and fine gypsum.
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The observed results are shown in Figure 9a,b. The predicted adiabatic temperature rise of concrete
was determined using results obtained in semi-adiabatic condition and Equation (1). This equation is
based on the relationship between semi-adiabatic temperature rise and adiabatic temperature rise as
proposed from the past research work on a simple thermal insulation test [43]:

ρCVT′ − Shθ = ρCVθ′, (1)

where ρ: density of the sample specimen (kg/m3), C: specific heat capacity of concrete taken as
(1.05 KJ/kg ◦C), V: volume of the sample specimen (m3), S: surface area of the sample specimen (m2),
h: heat transfer coefficient (W/m2 ◦C), T: temperature gradient existing between the sample specimen
and ambient room temperature, θ: adiabatic temperature state.

Thereafter, the parameters obtained from Equation (1) were used to generate constants in the JCI
model in Equation (2) and graphs which were obtained are also shown in Figure 9a,b [42]. The derived
constants from Equation (2) are indicated in Table 7. The obtained results showed that the addition of
limestone powder and fine gypsum enhanced the rate of the predicted adiabatic temperature rise and
increased the ultimate temperature rise [44]:

Q(t) = Q∞[1− exp{−rAT
(
t− t0,Q)

SAT
}], (2)

where t: age in days, Q(t): adiabatic temperature rise at t (◦C), Q∞: ultimate adiabatic temperature
rise (◦C), rAT, SAT: parameters representing rate of adiabatic temperature rise, t0,Q : age at starting of
temperature rise.Infrastructures 2020, 5, x FOR PEER REVIEW 9 of 16 
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Table 7. Adiabatic temperature rise properties of concrete.

Mix Proportion W/B (%) Q∞ (◦C) rAT SAT t0,Q

N + BFS 50 42.14 1.179 1.0 0.183
N + BFS + LSP +

F.GYP 50 45.14 1.378 1.0 0.177

4.5. Thermal Stress and Cracking Index Analysis by 3D FEM Method

Temperature change in concrete members due to external temperature change, cement hydration,
and autogenous shrinkage may cause stress development within a structure. The extent of stress
increase is due to internal restraint caused by non-uniform temperature across the section of a member
and may lead to crack development (JCI, 2016) [42]. Using a 3D FEM analysis method, which is
based on the truss network model, a region with a high cracking tendency can be identified [42,45].
The 3D FEM analysis method quantitatively computes thermal stress and thermal cracking index
by considering various conditions of the cast concrete such as structural dimensions, construction
procedures, temperature histories, mechanical properties, etc. [42]. In this analysis, the thermal cracking
index is determined as the ratio of tensile strength to maximum principle stresses. When the thermal
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cracking index is low, the probability of cracking is high (low cracking resistance) and vice versa.
Equation (3) was used to calculate the thermal cracking index [42]:

Icr =
ft(te)

σ(te)max
, (3)

where ICR: thermal cracking index, ft(te): splitting tensile strength, σ(te)max: principal stress, and te:
temperature adjusted age (day).

Thermal cracking index at all the positions of a member is calculated throughout the valuated
period. Then, thermal cracking tendency of the member can be estimated based on the minimum
cracking index. The time and the position of cracking can be also estimated. For example, if the
minimum thermal cracking index is 1.0, the probability of cracking is estimated as 50% according to
JCI guidelines for crack control of mass concrete structures. Note that the target thermal cracking index
depends on the purpose of the structure [42].

In this study, the influence of adding LSP and F.GYP in concrete mix proportions on cracking
tendency was investigated. Two concrete mix proportions used include N + BFS and N + BFS + LSP
+F.GYP. A typical concrete precast box culvert model member was used for the analysis as shown in
Figure 9 [46]. Note that haunches were not included in the 3D FEM model as shown in Figure 10.Infrastructures 2020, 5, x FOR PEER REVIEW 11 of 16 
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Concrete mechanical properties used as input parameters in the 3D FEM include compressive strength,
splitting tensile strength, and modulus of elasticity. In this study, compressive strength was experimentally
obtained whilst splitting tensile strength and modulus of elasticity in Equations (4) and (5) were derived
using the obtained compressive strength and constants as provided for in the JCI guidelines [42]:

ft(te) = C1 × f ′C(te)
C2 , (4)

where ft(te): splitting tensile strength of concrete at te (N/mm2), f ′C(te): compressive strength of
concrete at te (N/mm2), te: temperature adjusted age (days), C1 = 0.13 , C2 = 0.85:

Ec(te) = C3 × f ′C(te)
C4 , (5)

where EC(te): modulus of elasticity of concrete at te (N/mm2), f ′C(te): compressive strength of concrete
at te (N/mm2), C3 = 6300, C4 = 0.45.

The influence of creep of concrete was evaluated by using effective Young’s modulus, which was
obtained by multiplying Young’s modulus by a reduction coefficient using Equation (6). To take large
creep in the hardening process of concrete into account, the reduction constant was taken to be 0.42
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before the age when the concrete temperature reaches the maximum temperature and 0.65 at later ages,
which are recommended by JCI guidelines [42]:

Ee(te) = ϕ(te) × EC (te), (6)

where Ee(te): effective modulus of elasticity of concrete at te, ϕ(te) : reduction coefficient for modulus
of elasticity due to creep, EC(te): modulus of elasticity of concrete at te.

Table 8 shows some of the other input values thermal and stress analysis. For the purpose of
analysis, the casting temperature for both mix proportions was taken to be 18.5 ◦C.

Table 8. Other input parameters for thermal and stress analysis using 3D FEM.

Thermal Concrete Properties Other Input Parameters

Coefficient of thermal conductivity 2.7 W/m·◦C Casting concrete temperature 18.5 ◦C

Specific heat 1.15 kJ/kg·◦C Coefficient of heat transfer (Steel) 14

Density 2270 kg/m3

Thermal analysis and stress analysis were conducted in 3D FEM analysis. In the thermal analysis,
heat transfer analysis was carried out using the adiabatic temperature rise of each mixture. In stress
analysis, the coefficient of thermal expansion of concrete was taken to be 10 × 10−6/◦C and autogenous
shrinkage under accelerated condition also taken into account. Figures 10–12 further provide location
and temperature profile at the region with a low thermal cracking index observed in the center of the
precast model member. It can be seen that the difference in concrete temperatures between the surface
and internal concrete as shown in Figure 13 generated tensile stresses. Similar high thermal stresses
were observed at 1 day in both concrete mixtures that showed thermal cracking index values of 0.69 in
N + BFS and 0.76 in N + BFS + LSP + F.GYP. The observed values may lead to surface cracking of the
precast concrete model specimen at demolding time.

An input option to check the effect of covering precast concrete molds during accelerated curing
was then introduced in 3D FEM analysis. All the outside surfaces were covered using curing sheets
with 6 W/m2 ◦C heat transfer coefficient [42]. This type of curing sheet provides more resistance to
heat transfer that may reduce the temperature difference between the surface and internal concrete.
Then, the optimum time for covering the molds was investigated. There was a reduction in thermal
stresses in both concrete mixtures covered 6 h before demolding as shown in Figure 14. This resulted in
a reduced temperature gradient in concrete that improved the thermal cracking index. The change in
the thermal cracking index before and after the introduction of curing sheets is provided in Figure 15
and Table 9.
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Table 9. Effect of covering precast molds on the minimum cracking index.

N + BFS N + BFS + LSP + F.GYP

No cover Covered No cover Covered
0.69 0.82 0.76 0.92

5. Discussions

In 3D FEM analysis, fresh concrete properties such as concrete temperature are used as one of
the input parameters. In this study, slump values obtained were used only to check the workability
of concrete, which is key when making precast concrete units for easy of placement, consolidation,
and finishing. Setting time of concrete was used to determine the start time for both autogenous
shrinkage measurement and accelerated curing. A 3 h delay period was adopted even though longer
setting times were observed in mix proportions but were within the generally used delay period of 2 to
5 h in many precast factories. In this paper, setting time was used as the starting point for measuring
autogenous shrinkage. A curing process of one day, which is generally used in civil engineering precast
concrete products, was adopted in both accelerated curing and 3D FEM analysis [47].

From the results obtained in compressive strength tests, both mix proportions provided higher and
satisfactory concrete strength at demolding time as recommended by AC1 51 7.2R-87 [41]. Additionally,
additives such as limestone powder and fine gypsum improved strength gain at all ages, which may
also help when dispatching the precast concrete units from the precast yard to site within a generally
used period of 14 days after demolding [12,48–50].

During accelerated curing, more expansion was observed in the mix proportions containing
limestone powder and fine gypsum than in the control mix containing N+BFS. This pattern may help
act as expansive agents for such mix proportions as this effect showed a slight reduction in the drying
shrinkage at later age.

Adiabatic temperature rise in concrete is used to establish the rate of cement hydration for some
purpose related to cracking as the addition of supplementary cementitious materials such as blast
furnace slag cement has shown reduction rise in temperature in concrete. In this study, limestone
powder and fine gypsum were used to check the effect on the rate of cement hydration as well.
There was little difference in the temperature rise in both mix proportions.

There was a rise in temperature in the precast concrete model when conducting 3D finite element
analysis. This generated the temperature gradient between the inner and outer concrete surfaces during
the accelerated curing process. Higher tensile forces were generated as the result and the highest
tensile forces where observed in the central portion of the model. Thus, to reduce the temperature
gradient, which is related to the cracking in the precast concrete model, a covering sheet was introduced.
This improved the cracking of resistance in both mix proportions of about 19% in both mix proportions.
Thus, it is recommended that the covering of concrete molds should be done during the process of
accelerated curing [51].

6. Conclusions

The results from the fresh, mechanical, shrinkage properties of concrete made with BFS cement
as main mineral admixture and subjected to accelerated curing by heating provided some input
parameters for 3D FEM analysis. Considering the results obtained from the laboratory tests and 3D
FEM analysis, the following conclusions have been drawn:

1. The addition of limestone powder and fine gypsum provided higher expansion at demolding
time and lower shrinkage in drying conditions. This shrinkage compensation effect may help to
improve cracking resistance.

2. Both N + BFS and N + BFS+LSP + F.GYP provided desirable compressive strength at 1 day
and later age, which may help in achieving target strengths at the demolding time in precast
concrete factories.
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3. 3D FEM analysis showed high thermal stresses at the center of the precast model at 1 day in both
mix proportions that may lead to cracking at the demolding time in both mix proportions. Thus,
this portion could show cracking after the demolding. Covering of the precast molds with curing
sheets can help improve the thermal cracking resistance.

4. Limestone powder and fine gypsum did not show a significant effect on cracking resistance in
precast concrete.
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