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ABSTRACT

Precast concrete construction is frequently preferred all over the world because of its rapid 
production and low cost. Prefabricated structures are constructed by assembling, the structural 
elements that were produced in the factory, at the construction site. However, some connection 
types such as wet connection used in prefabricated buildings eliminate the rapid installation 
feature. The wet connections are the method of assembling with f resh concrete. In the wet 
connections, the setting time of concrete decreases the installation rapid of prefabricated 
structures. In the past years, various additives have been used to accelerate the setting time. 
However, these additives consisting of organic salts cause corrosion in the reinforcement. In 
recent years, the use of inorganic salts with low ions activity as the accelerator has become 
widespread. Rapid-setting concrete is suitable for producing precast concrete. This paper deals 
with the determination of optimal accelerator type and dosage for precast concrete. Sodium 
aluminate and Polycarboxylic ether-based chemicals were utilized as the accelerator to obtain 
rapid-setting concrete mixtures. Mechanical and durability tests were performed to analyze 
each chemical effect on the fresh and hardened properties of the concrete mixes. Polycarboxylic 
ether-based chemical is observed as a potential accelerator for precast concrete, especially for 
the connection concrete parts. With polycarboxylic ether-based chemicals, it is observed that 
rapid strength gain is achieved without much loss of final strength. Besides, polycarboxylic 
ether-based chemicals increase the workability of mixtures. However, it is observed that the 
workability feature is lost in a short time due to the rapid-setting feature.
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INTRODUCTION

Concrete is one of the most significant materials in 
terms of the volume and widespread areas of use[1,2]. 
Precast concrete construction is frequently preferred all 
over the world due to its fast production and low cost. 
[3–5]. It is possible to produce high-quality structures with 
prefabricated production at a low cost and in the shortest 
time [3,6]. Precast concrete structure creates a new pro-
duction process which consist of 2 phases. The first phase, 
which is called production, is carried at in the factory The 
second phase called installation is performed at the con-
struction site [7]. The design of the connections is crucial 
due to the individual production of precast elements [6]. 
There are two types of connection, wet and dry. Wet con-
nections seem to provide integrity in terms of earthquake 
behavior [8,9]. However, strength gaining time of concrete 
in wet connections eliminate the rapid construction feature 
of prefabricated structures [6]. Dry connections such as 
welds [10–12], bolted connections [13–15] and dowel con-
nections [16,17] might be more suitable for prefabricated 
structure and contribute to its spread. It is substantial that 
the type of connection to be used in the structure increases 
the speed of construction. Due to increased demand for 
prefabricated structures, manufacturers are required to 
increase daily level of production. In order to achieve this, 
the concrete to be used in the connection should gain early 
strength [18].

The processes to be carried out for the concrete to 
develop early strength should not reduce the hardened 
and fresh properties of the concrete. Properties such 
as consistency, flowability, finishability [19] should 
be maintained during early strength gain. Particularly 
workability of connection concrete contributes to the 
full filling of the concrete on the connection area and 
to provide full adherence between surfaces. The work-
ability feature can be affected by the mixture and placing 
method [20]. Hardened concrete properties of connec-
tion concrete are significant throughout its service life. 
Hardened concrete has disadvantages such as brittleness, 
low tensile strength, low flexural strength [21]. Fiber 
additives [21–24] can be used to improve such disadvan-
tages of concrete.

Some chemicals are used as accelerators for the con-
crete to gain early strength. The accelerators are divided 
into two groups, namely setting and hardening accelerators 
[25]. The accelerating effects of inorganic salts have been 
reported until now [26]. Anions and cations in organic 
salts have an accelerating effect on C3S hydration [25]. 
Therefore, many researchers have reported it as an impor-
tant accelerator of the CaCl2 salt [27,28]. However, corro-
sion occurs in the reinforcement inside the concrete due to 
chloride ions [29,30]. Therefore, it has become widespread 
to use inorganic salts containing ions with lower activ-
ity such as Ca(NO2)2, Ca(NO3)2, NaNO2, and NaNO3 as 

accelerators in recent years [31,32]. However, as a result of 
the interaction of the accelerators used with other admix-
tures, acceleration or deceleration may be observed in the 
setting-time [33]. Therefore, it is extremely important to 
investigate the use of accelerators together with other 
chemicals [25].

There are many studies investigating early strength gain 
of concrete. Yang et. al. [26] examined the effects of cal-
cium silicate and marble wastes on gaining early strength. 
Das et. al. [18] investigated the effects of previously pre-
pared nano CSH crystals on initial strength. Li and Jiang 
[34] investigated the contribution of limestone powder
to early strength on slag concrete. Lee et al. investigated
the optimum value of admixtures and accelerators for the
early development of concrete strength. They examined the 
factors such as cement amount per unit, type of admix-
tures, and accelerator that affect the strength of concrete
[25]. Lin et al. found that polycarboxylate-based accelera-
tors can increase the fluidity of cement pastes as a result of
the increase in the molecular weight of the cross-linkers
[35]. Lin et al. investigated the effects of polycarboxylate-
based super plasticizers produced with different cross-
linking agents on dispersion performance and mechanical
properties and the microstructure of cement paste [36].
Dalas et al. determined the chemical structure factors
affecting the adsorption properties of polycarboxylate
ether-based admixtures to increase the competitive sul-
fate adsorption and to minimize the using dosage. They
reported that changing the anionic function is a good
way to increase resistance to competitive sulfate adsorp-
tion. In this regard, the best results have been obtained
with carboxylate polymers [37]. Altun et al. investigated
the effect of side chain length, molecular weight hangers
and adsorption amounts of polycarboxylate ether based
high range admixtures with fixed main chain length, free
nonionic amount and anionic / nonionic ratio on fresh
and hardened concrete properties. The increase in the side
chain length of the additives had a positive effect on the
time-dependent fresh state performance of the concrete
mixtures [38].

RESEARCH SIGNIFANCE

There are very limited number of studies on the con-
crete connection parts for the prefabricated concrete sec-
tor. Studies investigating chemical additives are very rare. 
In this study, concrete mixes were prepared with differ-
ent accelerators. Fresh and early strength gaining prop-
erties of the concrete mixes were examined. The effects 
of chemical accelerators on fresh and hardened concrete 
properties were also investigated. Since the concrete mix-
ture is used in prefabricated wet connections and open to 
environmental attack, durability tests were also conducted 
on examining sulfate resistance and freezing and thawing 
properties.
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MATERIAL AND METHODS

Materials
In this study, standard CEM II 42.5 portland cement 

was used. The density of cement is 3.2 g/cm3. The chemical 
composition of cement is given in Table 1.

Silica sand was used in the mixtures. The density of 
silica sand is 2.54 g/cm3. SiO2 ratio is 92.5%. The chemical 
composition of silica sand is given in Table 2. The particle 
size distribution of silica sand is given in Figure 1.

The used hyper plasticizer is polycarboxylic ether-
based. It was used 0.5% of the cement weight. It was used to 
obtain workability on concrete. The technical properties of 
the hyper plasticizer are given in Table 3. The hyper plasti-
cizer was used as 0.5% of the cement weight in all mixtures. 

Two different types of accelerators were used. Technical 
properties of the accelerators are given in Table 4. Type 1 
and type 2 are sodium aluminate-based, polycarboxylic 
ether-based accelerators, respectively. The accelerators were 
added to the mixtures in proportion to the cement weight. 
It was added to the mixtures at varying rates between 0.5% 
and 1.25%.

Method
9 different types of concrete mixtures were prepared 

according to the accelerators. The contents of the concrete 
mixtures were given in Table 5. The W / C ratio was taken as 
constant for all mixtures. 9 different mixtures were obtained 
with the change in accelerator ratios.

Flow table test is conducted with TS-EN 12350-5 [39]. 
Cement paste was placed in the mold in two layers. Each 
layer is compacted with the help of a steel bar. Then the 
spreading diameter was measured by dropping the table 
15 times [39]. Figure 2 shows the flow table test of the S5 
sample.

Three samples were taken from each mixture for 6 
hours, 7 hours, 8 hours, 1 day, 7 days, and 28 days tests. 
150x150x150 mm sized molds are used for samples 
according to TS-EN 12390-1 [40]. The mixture is placed 
in two layers with help of a steel bar. The test samples 
were taken into the curing pools at 20 °C after 16 hours 
in the mold [41]. The samples were tested with a loading 
speed of 0.6 N/mm2 per second [42]. The compressive 
strength tests were performed with a standard compres-
sion test machine. It has a maximum loading capacity 
of 3000 kN. The upper and lower compression plate are 
300x300 mm. The distance between the upper and lower 
plate is 320 mm. The compression test machine is exhib-
ited in Figure 3.

The samples were compromised to freezing at - 20 
°C. Then, they were put back to normal curing (20 °C) 

Figure 1. The particle size distribution of silica sand.

Table 1. Chemical composition of cement

Chemical composition (%)
CaO 54-62
Al2O3 3.5-5.7
SO3 2.2-3.5
Cl 0-0.17
MgO 0.8-2.3
Na2O 0.2-0.7
SiO2 20-26
Fe2O3 2.1-3.7
K2O 0.2-0.8

Table 2. Chemical composition of silica sand

Chemical composition (%)
SiO2 92.5
TiO2 0.087
CaO 2.16
Al2O3 1.63
SO3 0.0228
Cr2O3 0.178
MgO 0.145
ZnO2 0.0176
BaO 0.00548
Fe2O3 1.65
K2O 0.348
Na2O 0.027

Table 3. Technical properties of hyper plasticizer

Technical properties of hyper plasticizer Value
Colour Milky brown
Boiling point 95-105 °C
Thermal decomposition > 720 °C
Density 1.25 g/cm3

pH value 9.2-12.0
Water solubility Water-soluble

https://tureng.com/tr/turkce-ingilizce/water soluble fertilizer
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Table 4. Technical properties of the accelerator

Technical properties of the accelerator Type 1 Type 2
Material structure Sodium aluminate based Polycarboxylic ether-based
Colour White Light Brown
Density 1.2±0.05 kg/cubic meter m3 1.13±0.05 kg/liter
Melting point > 380 °C -
Burning point - -
pH value 6.5-7.5 -
Chlorine content % (EN 480-10) - <0.1
Alkali content % (EN 480-10) - <3

Table 5. The contents of the concrete mixtures (per 0.6 cubic meter m3)

Sample Water (kg) Cement (kg) Silica sand (kg) Hyper plasticizer (kg) Accelerator (kg)

Type 1 Type 2
S1 155 480 500 2.4 - -
S2 155 480 500 2.4 2.4 -
S3 155 480 500 2.4 3.6 -
S4 155 480 500 2.4 4.8 -
S5 155 480 500 2.4 6.0 -
S6 155 480 500 2.4 - 2.4
S7 155 480 500 2.4 - 3.6
S8 155 480 500 2.4 - 4.8
S9 155 480 500 2.4 - 6.0

Figure 2. Flow table test.
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conditions. This cycle was repeated 100 times. Then a com-
pressive test of the samples was conducted [43].

Industrial structures can be exposed to wastes such as 
acid, chloride, and sulfate according to their working con-
ditions. These wastes can damage fresh and hardened con-
crete. [44,45]. For this reason, a sulfate test was conducted 
for the samples. Samples were left in a solution containing 
10% MgSO4 for 28, 90, and 180 days. Then compressive 
tests of the samples was determined.

RESULTS AND DISCUSSION

The spreading diameters for 6, 7, and 8 hours of the 
samples according to the accelerator dosage are given in 
Figure 4. Polycarboxylic ether-based chemical showed bet-
ter performance compared to the sodium aluminate-based 
accelerator. As seen in Figure 3, increasing the amount of 
the accelerator decreases the spreading diameter. As the 
test time increases, the reduction in the spreading diam-
eter continues. The mixture loses its plasticity as the set-
ting continues as the test time increases. The best results for 
type 1 and type 2 accelerators were obtained with S2 and S6, 
respectively. Better results were obtained with the polycar-
boxylic ether-based accelerator with a difference of about 
1.1%. The increase in the amount of accelerator accelerates 

the formation of C-S-H gel and ettringite, which is a hydra-
tion product. Therefore, the plasticity of the mixture 
decreases rapidly. The increase in the amount of accelerator 
decreases the nucleation in hydration products. Therefore, 
the hydration rate of cement increases [26]. These results 
are consistent with the literature studies [46]. 

6 hours, 7 hours, 8 hours, 7 days, and 28 days com-
pressive strength test results and standard deviations for 
9 different concrete mixtures are given in Table 6. The 
results of the 3 samples prepared for each test were simi-
lar. With polycarboxylic ether-based accelerators, more 
compressive strength was obtained than sodium alumi-
nate-based accelerators. As seen in Figure 5, an increase 
in the amount of type 1 and type 2 accelerators increased 
the early compressive strength development. 1-day com-
pressive strength test results of the mixture without accel-
erator (S1) were almost reached with the S9 containing 
1.25% accelerator. However, when the 28 days compres-
sive strength test results are examined, the S9 decreases 
its compressive strength by 5% compared to the refer-
ence sample. In the S5, the 28 days compressive strength 
decreased 6.4% compared to the reference sample. Type 
1 and type 2 accelerators caused an increase in 28 days 
compressive strength up to 1% dosage. Therefore, the S8’s 
28 days compressive strength was 3.03% lower than the 

Figure 3. The compressive strength test.
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reference sample. In other words, the sample containing 
1% polycarboxylic ether-based accelerator showed early 
strength development without losing much of the final 
compressive strength. Increasing the dosage of the accel-
erator increases the formation of C-S-H gel and ettringite, 
thus increasing the early compressive strength [47]. While 

accelerators accelerate C-S-H gel formation, they cause a 
decrease in the amount of C-S-H gel to be formed in the 
final state. The decrease in the amount of C-S-H gel in the 
final situation causes a decrease in the final compressive 
strength. These results are consistent with the literature 
studies [48].

Figure 4. Spread diameters; (a) 6 hours, (b) 7 hours and (c) 8 hours.

Table 6. The compressive strength test results

Samples

Compressive Strength S1 S2 S3 S4 S5 S6 S7 S8 S9

6 Hours
Avg. (MPa) - 3.88 3.76 3.92 3.97 3.92 3.95 4.01 4.05
Standard Deviation - 0.219 0.313 0.335 0.127 0.257 0.305 0.185 0.0877

7 Hours
Avg. (MPa) - 3.97 3.81 4.03 4.09 4.02 4.04 4.13 4.17
Standard Deviation - 0.208 0.142 0.293 0.106 0.179 0.251 0.425 0.215

8 Hours
Avg. (MPa) - 4.19 4.28 4.36 4.42 4.23 4.35 4.52 4.57
Standard Deviation - 0.362 0.319 0.341 0.326 0.229 0.349 0.133 0.351

1 Day
Avg. (MPa) 4.65 - - - - - - - -
Standard Deviation 0.183 - - - - - - - -

7 Days
Avg. (MPa) 33.71 30.45 31.06 32.40 31.65 30.68 31.37 32.66 32.04
Standard Deviation 0.973 1.364 1.253 0.817 1.191 1.131 1.624 0.991 1.179

28 Days
Avg. (MPa) 45.43 40.88 41.77 43.68 42.53 41.34 42.25 44.05 43.16
Standard Deviation 2.367 1.973 2.162 2.350 1.593 1.554 1.921 1.052 1.586
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The compressive strength losses obtained after 100 
cycles for the freeze and thaw resistance test are given in 
Figure 6. Freeze-thaw damage of concrete is a form of 
physical corrosion damage. The voids in the concrete are 
exposed to water and filled with the water. The freezing 
of the water in the voids causes additional stresses due to 
the increase in the volume of water. When the tempera-
ture rises, the ice can melt into water, and the additional 
stresses in the voids are relieved [49]. As a result of the con-
tinuous freeze-thaw cycle, significant damage may occur in 
concrete. Therefore, the reduction of the voids in the con-
crete reduces the freeze-thaw damage. As seen in Figure 6, 

for type 1 and type 2 accelerators, the loss of compressive 
strength decreased in freeze-thaw tests up to 1% dosage, 
while it had a negative effect on 1% dosage. The accelera-
tors reduced the freeze-thaw damage by reducing the voids 
in the concrete. The best results were obtained from the s8 
sample. S8 sample lost 7.31% strength compared to the ref-
erence sample. The results obtained are coherent with the 
studies in the literature [50].

The sulfate attack is a complex degradation mechanism 
in concrete that consists of physical and chemical processes 
such as ion diffusion and expansion damage [51]. The sul-
fate ions entering the concrete from outside reduces the 
formation of C-S-H gel and cause the formation of expan-
sive products [52]. Microcracks occur as a result of filling 
the enlarged pores of products such as ettringite [53]. The 
decrease in the amount of C-S-H gel and the micro-cracks 
that occur reduce the compressive strength of the concrete 
[54]. Compressive strength losses of the samples exposed 
to a solution containing 10% MgSO4 for 28, 90, and 180 
days are given in Figure 7. Loss of strength occurred in 
samples exposed to magnesium sulfate [55]. It has been 
observed that type 1 and type 2 accelerators reduce the loss 
in compressive strength up to 1% dosage. This is because 
the pores in the concrete are reduced due to the accelerator 
dosage. S8 sample lost 1.55% strength compared to refer-
ence sample for 180 days magnesium sulfate attack. The 
results obtained are consistent with the studies in the lit-
erature [56].

CONCLUSIONS

In this study, two different types of accelerator’s effect 
on the mechanical and durability properties of silica sand 
added cementitious concrete was investigated. According 
to the laboratory study results, the following results can be 
concluded:

• Polycarboxylic ether-based accelerator performed
better results compared to the sodium aluminate-
based chemicals in terms of mechanical and durabil-
ity properties for precast concrete mixtures.

• In the samples prepared with the accelerator, early
strength development was obtained without much
loss of final strength.

• The increase in the amount of accelerator up to 1%
caused a decrease in the spread diameter. Hence,
the increase in the amount of accelerator above 1%
caused increase in the spread diameter compared to
1% dosage. Therefore, the use of accelerators is not
suitable for concretes requiring plasticity.

• The use of accelerators reduces the amount of voids
in the concrete. Therefore, it contributes to the
freeze-thaw resistance of concrete. Freeze and thaw
resistance of composites decreases compared to the
reference’s mixtures; however, differences are within
the acceptable limits for precast concrete.

Figure 5. Compressive strength test results.

Figure 6. Freeze and thaw resistance test results.

Figure 7. Sulfate resistance test results.
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• The reduction of voids in the concrete reduces the
damage of industrial acids exposed to the concrete.

• The amount of accelerator above 1% affects the
mechanical and durability of the concrete negatively.

• Compressive strengths decrease as the early ettringite
formation due to utilization of accelerators.

• In the precast industry, it is appropriate to use a poly-
carboxylic ether-based accelerator to ensure rapid
assembly in wet connection.

• Early compressive strength development of concrete
prepared with the accelerator in wet connection will
reduce the destructive effect of dynamic loads that
prefabricated structures will be exposed to during
assembly.

• The combination of accelerators and hyper plasticiz-
ers can be subject to various optimization methods.

• Combined effects of accelerators and hyper plasticiz-
ers were analyzed. This can be a base of detailed and
future studies.

ACKNOWLEDGEMENTS

This research is funded by The Scientific and 
Technological Research Council of Turkey under proj-
ect number 120M378 and Konya Technical University of 
Coordinatorship of Scientific Research Projects under proj-
ect number 201104017.

AUTHORSHIP CONTRIBUTIONS

Authors equally contributed to this work.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the 
findings of this study are available within the article. Raw 
data that support the finding of this study are available from 
the corresponding author, upon reasonable request.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest 
with respect to the research, authorship, and/or publication 
of this article.

ETHICS

There are no ethical issues with the publication of this 
manuscript.

REFERENCES

 [1] Mamlouk MS, Zaniewski JP. Materials for
Civil and Construction Engineers. 4th ed.
London:Pearson;2017.

[2] Calis G, Yıldızel SA. Investigation of roller com-
pacted concrete : Literature review. Chall J Concr
Res Lett 2019;10:63–74. [CrossRef]

[3] Yang J, Guo T, Chai S. Experimental and numerical
investigation on seismic behaviours of beam-column 
joints of precast prestressed concrete frame under
given corrosion levels. Structures 2020;27:1209–
1221. [CrossRef]

[4] Tam VWY, Tam CM, Zeng SX, Ng WCY. Towards
adoption of prefabrication in construction. Build
Environ 2007;42:3642–3654. [CrossRef]

[5] Kim T, Kim YW, Cho H. Dynamic production
scheduling model under due date uncertainty
in precast concrete construction. J Clean Prod
2020;257:120527. [CrossRef]

[6] Zhang C, Li H, Gao W. Development of a novel fric-
tion damped joint for damage-plasticity control of
precast concrete walls. Eng Struct 2020;219:110850. 
[CrossRef]

[7] Martin LD, Perry CJ. PCI Design Handbook : Precast 
and Prestressed Concrete. 6th ed. Chicago:Precast/
Prestressed Concrete Inst;2004.

[8] Sørensen JH, Herfelt MA, Hoang LC, Muttoni A.
Test and lower bound modeling of keyed shear con-
nections in RC shear walls. Eng Struct 2018;155:115–
126. [CrossRef]

[9] Zhao C, Zhang Z, Wang J, Wang B. Numerical and
theoretical analysis on the mechanical properties
of improved CP-GFRP splice sleeve. Thin-Walled
Struct 2019;137:487–501. [CrossRef]

[10] Menegon SJ, Wilson JL, Lam NTK, Gad EF.
Experimental testing of innovative panel-to-panel
connections for precast concrete building cores. Eng
Struct 2020;207:110239. [CrossRef]

[11] Menegon SJ, Wilson JL, Lam NTK, Gad EF. RC walls 
in Australia: reconnaissance survey of industry and
literature review of experimental testing. Aust J
Struct Eng 2017;18:24–40. [CrossRef]

[12] Seifi P, Henry RS, Ingham JM. Panel connection
details in existing New Zealand precast concrete
buildings. Bull N Z Soc Earthq Eng 2016;49:190–
199. [CrossRef]

[13] AbouHamdah IS, Al-Osta MA, Baluch MH,
Rahman MK, Ibrahim A. Structural behavior of
cast-in C-channel anchors in precast concrete under
uniaxial tension. Struct Concr 2017;19:1157–1173.
[CrossRef]

[14] Rizkalla SH, Soudki KA, West JS. Precast concrete
shear wall connections used for mediumand high
rise structures. Precast Concr Inst J 1989: 6564640.

[15] Foerster HR, Rizkalla SH, Heuvel JS. Behavior
and design of shear connections for loadbearing
wall panels. Precast Concr Inst J 1989;34:102–119.
[CrossRef]

[16] Zoubek B, Isakovic T, Fahjan Y, Fischinger M.
Cyclic failure analysis of the beam-to-column dowel

https://doi.org/10.20528/cjcrl.2019.03.003
https://doi.org/10.1016/j.istruc.2020.07.007
https://doi.org/10.1016/j.buildenv.2006.10.003
https://doi.org/10.1016/j.jclepro.2020.120527
https://doi.org/10.1016/j.engstruct.2020.110850
https://doi.org/10.1016/j.engstruct.2017.11.004
https://doi.org/10.1016/j.tws.2019.01.018
https://doi.org/10.1016/j.engstruct.2020.110239
https://doi.org/10.1080/13287982.2017.1315207
https://doi.org/10.5459/bnzsee.49.2.190-199
https://doi.org/10.1002/suco.201700163
https://doi.org/10.15554/pcij.01011989.102.119


Sigma J Eng Nat Sci, Vol. 40, No. 4, pp. 685–694, December, 2022 693

connections in precast industrial buildings. Eng 
Struct 2013;52:179–191. [CrossRef]

[17] Capozzi V, Magliulo G, Manfredi G. Nonlinear
mechanical model of seismic behaviour of beam-
column pin connections. 15th World Conference on
Earthquake Engineering; 2012 Sept 24-28; Lisbon,
Portugal: Sociedade Portuguesa de Engenharia
Sismica (SPES); 2012 pp. 23880–2389.

[18] Das S, Ray S, Sarkar S. Early strength development
in concrete using preformed CSH nano crystals.
Constr Build Mater 2020;233:117214. [CrossRef]

[19] Jiao D, Shi C, Yuan Q, An X, Liu Y, Li H. Effect of
constituents on rheological properties of fresh con-
crete-A review. Cem Concr Compos 2017;83:146–
159. [CrossRef]

[20] Bahij S, Omary S, Feugeas F, Faqiri A. Fresh and
hardened properties of concrete containing differ-
ent forms of plastic waste – A review. Waste Manag
2020;113:157–175. [CrossRef]

[21] Sanjeev J, Sai Nitesh KJN. Study on the effect of steel
and glass fibers on fresh and hardened properties
of vibrated concrete and self-compacting concrete.
Mater Today Proc 2020;27:1559–1568. [CrossRef]

[22] Wang WC, Wang HY, Chang KH, Wang SY. Effect of
high temperature on the strength and thermal con-
ductivity of glass fiber concrete. Constr Build Mater
2020;245:118387. [CrossRef]

[23] Shen D, Wen C, Zhu P, Wu Y, Yuan J. Influence
of Barchip fiber on early-age autogenous shrink-
age of high strength concrete. Constr Build Mater
2020;256:119223. [CrossRef]

[24] Amed B, Kabay N. Glass fibre reinforced precast
concrete containing high content pozzolanic mate-
rials. Sigma J Eng Nat Sci 2019;37:675–686. 

[25] Lee T, Lee J, Kim Y. Effects of admixtures and accel-
erators on the development of concrete strength
for horizontal form removal upon curing at 10 °C.
Constr Build Mater 2020;237:117652. [CrossRef]

[26] Yang H, Yan Y, Hu Z. The preparation of nano cal-
cium carbonate and calcium silicate hardening accel-
erator from marble waste by nitric acid treatment and 
study of early strength effect of calcium silicate on
C30 concrete. J Build Eng 2020;32:101507. [CrossRef]

[27] Shi C, Day RL. Pozzolanic reaction in the presence
of chemical activators: Part I. Reaction kinetics.
Cem Concr Res 2000;30:51–58. [CrossRef]

[28] Singh NB, Singh VD, Rai S, Chaturvedi S. Effect of
lignosulfonate, calcium chloride and their mixture
on the hydration of RHA-blended portland cement.
Cem Concr Res 2002;32:387–392. [CrossRef]

[29] Juenger MCG, Monteiro PJM, Gartner EM,
Denbeaux GP. A soft X-ray microscope investigation 
into the effects of calcium chloride on tricalcium
silicate hydration. Cem Concr Res 2005;35:19–25. 
[CrossRef]

[30] Montemor MF, Simões AMP, Ferreira MGS.
Chloride-induced corrosion on reinforcing steel:
from the fundamentals to the monitoring tech-
niques. Cem Concr Compos 2003;25:491–502. 
[CrossRef]

[31] Liu Z, Lou B, Barbieri DM, Sha A, Ye T, Li Y. Effects
of pre-curing treatment and chemical accelerators
on Portland cement mortars at low temperature (5
°C). Constr Build Mater 2020;240:117893. [CrossRef]

[32] Yum WS, Suh J-Il, Sim S, Yoon S, Jun Y, Oh JE.
Influence of calcium and sodium nitrate on the
strength and reaction products of the CaO-activated 
GGBFS system. Constr Build Mater 2019;215:839–
848. [CrossRef]

[33] Aggoun S, Cheikh-Zouaoui M, Chikh N, Duval R.
Effect of some admixtures on the setting time and
strength evolution of cement pastes at early ages.
Constr Build Mater 2008;22:106–110. [CrossRef]

[34] Li C, Jiang L. Utilization of limestone powder as
an activator for early-age strength improvement of
slag concrete. Constr Build Mater 2020;253:119257. 
[CrossRef]

[35] Lin X, Liao B, Zhang J, Li S, Huang J, Pang H.
Synthesis and characterization of high-performance
cross-linked polycarboxylate superplasticizers.
Constr Build Mater 2019;210:162–171. [CrossRef]

[36] Lin X, Pang H, Wei D, Lu M, Liao B. Effect of the
cross-linker structure of cross-linked polycarboxyl-
ate superplasticizers on the behavior of cementitious 
mixtures. Colloids Surf A Physicochem Eng Asp
2021;608:125437. [CrossRef]

[37] Dalas F, Nonat A, Pourchet S, Mosquet M, Rinaldi D, 
Sabio S. Tailoring the anionic function and the side
chains of comb-like superplasticizers to improve
their adsorption. Cem Concr Res 2015;67:21–30. 
[CrossRef]

[38] Altun MG, Özen S, Mardani-Aghabaglou A. Effect
of side chain length change of polycarboxylate-
ether based high range water reducing admixture
on properties of self-compacting concrete. Constr
Build Mater 2020;246:118427. [CrossRef]

[39] Turkish Standard Institute. TS EN 12350-5. Testing
fresh concrete- Part 5: Flow table test. Turkish
Standard Institute, 2010. Available at: https://intweb.
tse.org.tr/Standard/Standard/Standard.aspx?081118
0511151080511041191101040550471051021200881
1104311310407308211206507011308710111511710
9052. Accessed on Oct 27,2022.

[40] Turkish Standard Institute. TS EN 12390-1. Testing
hardened concrete - Part 1: Shape, dimensions and
other requirements for specimens and moulds.
Turkish Standard Institute, 2013. Available at: https://
intweb.tse.org.tr/Standard/Standard/Standard.aspx?
0811180511151080511041191101040550471051021
2008811104311310407308710610610508308307609
0085071121. Accessed on Oct 27,2022.

https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073082112065070113087101115117109052
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073082112065070113087101115117109052
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073082112065070113087101115117109052
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073082112065070113087101115117109052
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073082112065070113087101115117109052
https://doi.org/10.1016/j.engstruct.2013.02.028
https://doi.org/10.1016/j.conbuildmat.2019.117214
https://doi.org/10.1016/j.cemconcomp.2017.07.016
https://doi.org/10.1016/j.wasman.2020.05.048
https://doi.org/10.1016/j.matpr.2020.03.208
https://doi.org/10.1016/j.conbuildmat.2020.118387
https://doi.org/10.1016/j.conbuildmat.2020.119223
https://doi.org/10.1016/j.conbuildmat.2019.117652
https://doi.org/10.1016/j.jobe.2020.101507
https://doi.org/10.1016/S0008-8846(99)00205-7
https://doi.org/10.1016/S0008-8846(01)00688-3
https://doi.org/10.1016/j.cemconres.2004.05.016
https://doi.org/10.1016/S0958-9465(02)00089-6
https://doi.org/10.1016/j.conbuildmat.2019.117893
https://doi.org/10.1016/j.conbuildmat.2019.04.240
https://doi.org/10.1016/j.conbuildmat.2006.05.043
https://doi.org/10.1016/j.conbuildmat.2020.119257
https://doi.org/10.1016/j.conbuildmat.2019.03.185
https://doi.org/10.1016/j.colsurfa.2020.125437
https://doi.org/10.1016/j.cemconres.2014.07.024
https://doi.org/10.1016/j.conbuildmat.2020.118427


Sigma J Eng Nat Sci, Vol. 40, No. 4, pp. 685–694, December, 2022694

[41] Turkish Standard Institute. TS EN 12390-2. Testing
hardened concrete - Part 2: Making and curing
specimens for strength tests. Turkish Standard
Institute, 2019. Available at: https://standards.iteh.
ai/catalog/standards/cen/ae7e6a86-1cbc-455e-
8b2a-8964be9087f9/en-12390-2-2019. Accessed on
Oct 27,2022.

[42] Turkish Standard Institute. TS 3114. Determination
of compressive strength of concrete test speci-
mens. Turkish Standard Institute, 1998. Available
at: https://intweb.tse.org.tr/Standard/Standard/
Standard.aspx?08111805111510805110411911010
40550471051021200881110431131040730980730
87072067079087119072080081. Accessed on Oct
27,2022.

[43] ASTM. Astm C666/C666M. Standard Test Method
for Resistance of Concrete to Rapid Freezing and
Thawing. PA: ASTM; 2003.

[44] Binici H, Aksoǧan O. Sulfate resistance of plain and
blended cement. Cem Concr Compos 2006;28:39–
46. [CrossRef]

[45] Nis A, Altundal MB. Mechanical strength degrada-
tion of slag and fly ash based geopolymer specimens
exposed to sulfuric acid attack. Sigma J Eng Nat Sci
2019;37:917–926.

[46] Salvador RP, Rambo DAS, Bueno RM, Lima SR,
Figueiredo AD. Influence of accelerator type and
dosage on the durability of wet-mixed sprayed con-
crete against external sulfate attack. Constr Build
Mater 2020;239:117883. [CrossRef]

[47] Min TB, Cho IS, Park WJ, Choi HK, Lee HS.
Experimental study on the development of com-
pressive strength of early concrete age using cal-
cium-based hardening accelerator and high early
strength cement. Constr Build Mater 2014;64:208–
214. [CrossRef]

[48] Ikumi T, Segura I, Cavalaro SHP. Effects of biax-
ial confinement in mortars exposed to external

sulfate attack. Cem Concr Compos 2019;95:111–
127. [CrossRef]

[49] Chen X, Shi D. Influence of freeze–thaw cycles
on apparent dynamic tensile strength, apparent
dynamic fracture toughness and microstructure of
concrete under impact loading. Eur J Environ Civ
En 2021;25:1977–2001. [CrossRef]

[50] Sáez del Bosque IF, Van den Heede P, De Belie N,
de Rojas MIS, Medina C. Freeze-thaw resistance
of concrete containing mixed aggregate and con-
struction and demolition waste-additioned cement
in water and de-icing salts. Constr Build Mater
2020;259:119772. [CrossRef]

[51] Ragoug R, Metalssi OO, F. Barberon, Torrenti JM,
Roussel N, Divet L, et al. Durability of cement
pastes exposed to external sulfate attack and leach-
ing: Physical and chemical aspects. Cem Concr Res
2019;116:134–145. [CrossRef]

[52] Cefis N, Comi C. Chemo-mechanical modelling of
the external sulfate attack in concrete. Cem Concr
Res 2017;93:57–70. [CrossRef]

[53] Ikumi T, Segura I. Numerical assessment of external
sulfate attack in concrete structures. A review. Cem
Concr Res 2019;121:91–105. [CrossRef]

[54] Yu Y, Zhang YX. Numerical modelling of mechani-
cal deterioration of cement mortar under external
sulfate attack. Constr Build Mater 2018;158:490–
502. [CrossRef]

[55] Neville A. The confused world of sulfate attack
on concrete. Cem Concr Res 2004;34:1275–1296. 
[CrossRef]

[56] Paglia C, Wombacher F, Böhni H, Sommer M. An
evaluation of the sulfate resistance of cementitious
material accelerated with alkali-free and alkaline
admixtures: Laboratory vs. field. Cem Concr Res
2002;32:665–671. [CrossRef]

https://standards.iteh.ai/catalog/standards/cen/ae7e6a86-1cbc-455e-8b2a-8964be9087f9/en-12390-2-2019
https://standards.iteh.ai/catalog/standards/cen/ae7e6a86-1cbc-455e-8b2a-8964be9087f9/en-12390-2-2019
https://standards.iteh.ai/catalog/standards/cen/ae7e6a86-1cbc-455e-8b2a-8964be9087f9/en-12390-2-2019
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073098073087072067079087119072080081
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073098073087072067079087119072080081
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073098073087072067079087119072080081
https://intweb.tse.org.tr/Standard/Standard/Standard.aspx?081118051115108051104119110104055047105102120088111043113104073098073087072067079087119072080081
https://doi.org/10.1016/j.cemconcomp.2005.08.002
https://doi.org/10.1016/j.conbuildmat.2019.117883
https://doi.org/10.1016/j.conbuildmat.2014.04.053
https://doi.org/10.1016/j.cemconcomp.2018.10.017
https://doi.org/10.1080/19648189.2019.1610071
https://doi.org/10.1016/j.conbuildmat.2020.119772
https://doi.org/10.1016/j.cemconres.2018.11.006
https://doi.org/10.1016/j.cemconres.2016.12.003
https://doi.org/10.1016/j.cemconres.2019.04.010
https://doi.org/10.1016/j.conbuildmat.2017.10.048
https://doi.org/10.1016/j.cemconres.2004.04.004
https://doi.org/10.1016/S0008-8846(01)00739-6



