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Abstract- This study evaluates the engineering properties and drying shrinkage of a high-performance concrete (HPC) 
manufactured by an innovative no-cement SFC binder, which was purely produced with a ternary mixture of three industrial 
by-products of ground granulated blast furnace slag (S), low calcium Class F fly ash (F) and circulating fluidized bed 
combustion fly ash (C). A fixed amount of 15 wt.% of combustion fly ash was adopted to trigger the hydration mechanism 
of various mixtures with different fly ash to slag ratios. Experimental results showed that the high strength concretes with 
28-day compressive strength in range of 40.2 to 42.6 MPa were possibly produced with SFC binder consisting of high 
amount of fly ash addition (up to 50% replacement for slag). With equivalent 28-days compressive strength, the HPC 
produced with SFC binder had flowing and passing capability superior to those of the flowable concrete made with plain 
ordinary Portland cement (OPC). The increase in fly ash addition resulted in the increase of flowing and passing capability 
and decrease in drying shrinkage of the resultant SFC based HPC so that it was encouraged to be used for improving the 
quality of the concrete. 
 
Keywords- CFBC Fly Ash; Coal Fly Ash; Slag; No-Cement; High-Strength Self Compacting Concrete. 
 
I. INTRODUCTION 
 
The ordinary Portland cement (OPC) has become the 
dominant binder in infrastructure construction for the 
last decades due to its lower embodied energy for 
concrete industry than other building materials, such 
as steel or aluminum [1]. However, the manufacture 
of OPC essentially consumes a relatively high 
amount of energy and induces a great deal of CO2 
emission [1, 2]. In addition, the OPC concrete is 
vulnerable under the chemical attack, particularly the 
organic acid or sulfate attack [3-5] which implies 
thelimited application of plain OPC concrete in 
marine environment. As such, nowadays,a modern 
cement industry always needs to fulfill such basic 
requirements as the minimizing energy consumption, 
reducingenvironmental impact upon climate 
changeinduced by greenhouse gas emissions, 
expanding widerapplicationsunder severe 
environment,etc.[1, 2]. Therefore, the demand 
forusing some alternative binders to substitutefor 
OPC has become urgently needed [1, 2].The current 
trend of using construction material shows thathigh 
performance concrete (HPC), such as high strength 
concrete (HSC) and high workability concrete,has 
been frequently used for infrastructural construction 
due to its high quality of resultant structural 
members.Therefore, the HPC lowers the cost of 
construction due to the increased durability of 
structural members induced by condensed 
microstructures resulted from the high degree of 
compaction[6].In practice, the concrete with 
compressivestrength higher than 41 MPa at age of 
28daysis considered to bethe highstrength concrete 
(HSC) [7]. The high workability concrete is defined 

as a concrete with the mainly concerned slump flow 
at high level rather than slump as the conventional 
concrete. Nowadays, HPCis generally fabricated 
bythe combination of lowwater to binder ratio (W/B), 
high amount of supplementary cementitious material 
(SCM) and cement. For sustainable application, the 
SCM containing pozzolanic materials, such as slag, 
fly ash and silica fume, is widely used. The SCMs, as 
used in HPC manufacture, significantly reduce the 
total cost of the concrete by using less OPC so thatthe 
potential of thermal cracksduring early hydration is 
alleviated. Moreover, the SCMs significantly improve 
the durability of structural members at later time due 
to the pore refinement by the pozzolanic reaction [6]. 
However, the utilization of OPC in HPC 
manufactureis still cruciallyneeded, so that the energy 
consumption and environmental 
pollutionwereannually increased, as aforementioned. 
The utilization of 100 % waste materials to replace 
OPC to makeHPC is always the goal for sustainable 
development. Howeverthe studies focusing on this 
field still have been limited. This study proposes a 
high performance concrete (HPC) with high strength 
and workabilityproduced by an innovative no-cement 
SFC binder, which, different from the traditionally 
aforementioned HPC, is purely composed of a ternary 
mixture of three industrial solid by-products of 
ground granulated blast furnace slag (S), low calcium 
Class F fly ash (F) and circulating fluidized bed 
combustionfly ash (C) [8]. The addition of Class F fly 
ash in SFC binder is to improve both workability and 
hardened properties of SFC based HPCs (high 
performance concrete using SFC binder). According 
to the resulting evaluation on properties of the 
resultant concrete in both fresh and hardened states, 
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theSFC based HPC proposed in this investigation 
challenges the conventional plain concretes by 
eliminating the cost of OPC and reducing 
environmental impacts. ThisSFC based HPC, 
therefore, is an important choice for the development 
of sustainability, as pointed out by Damtoft, Lukasik 
[2]. 
 
II. EXPERIMENTAL PROGRAM 
 
2.1. Materials and mix proportions of concretes 
The commercial Type I Portland cement in 
accordance toASTM C150 was used as the reference 
binder. Three industrial solid by-products of Class F 
fly ash (FFA), ground granulated blast furnace slag 
(GGBFS) and CFBC fly ash (CFA)were used to 
produce the no-cement SFC binder. The chemical and 
mineral compositionsof threeindustrial by-
productswere shown in Table 1.For concrete 
production, the crushed natural stonewith maximum 
sizeof 20mm and river sandwith fineness modulus 
(FM) of 2.9 were used as coarse and fine aggregates, 
respectively. The specific gravities of sand and 
crushed stone are2.65 and 2.67,and water absorptions 
are 0.8% and 0.1%, respectively.Both sand and 
crushed stone were carefully washed to ensure good 
binding in concrete mixtures. In this study, the CFA 
with a fixed 15 wt.% of the combined mixture of FFA 
and GGBFS was used to trigger the hydration of SFC 
binder[8]. Five values of 0, 10, 20, 30 and 50 wt.% of 
FFA,as partial replacement for GGBFS by0, 10, 20, 
30 and 50 wt.%, were used to produce no-cement 
SFC binder.For comparison, the flowable plain OPC 
concrete was cast. To produce concrete with 
equivalent 28-day compressive strength, the water to 
binder ratio (W/B) was varied at 0.3-0.32 forHPC 
with SFC binder while it was fixed at 0.36 for 
flowable concrete made with plain concrete. The 
volume of paste was fixed at 37.05%. The weight 
ratio of sand to mixture of sand and stonewasfixed at 
0.55. In this study, the workability of fresh 
concreteswasmaintained by using Type G 
superplasticizer (SP).The mix proportions of SFC-
SCC concretes are shown in Table 2, where in the 
mixture designation, the characters F and L refer to 
the Class F fly ash (FFA) and liquid (i.e. water), 
respectively. The numbers immediately following the 
characters represent the weight percentage of the 
materials used in the no-cement SFC binder. 
 
2.1. Specimen preparation and test methods 
The property of both fresh OPC based flowable 
concrete and HPC made with SFC binder was 
monitored by its consistency and unconfined flow 
potential in accordance to ASTM C1611 and passing 
ability by J-Ring in accordance to ASTM C1621. The 
cylindrical specimens of two types of concretes, with 
diameter of 100 mm and length of 200 mm, were cast 
for compressive strength test in accordance to ASTM 
C39.  

Table1: Physical properties and chemical compositions of three 
industrial solid by-products 

 
GGBFS: ground granulated blast furnace slag; FFA: 
Class F fly ash; CFA: circulating fluidized bed 
combustion (CFBC) fly ash 
 

Table 2: Mix proportions for self-compacting concrete (SFC-
SCC) 

Units: kg/m3 

 
(1) OPC: Ordinary Portland cement; SP: Type G 
superplasticizer. 
(2) Sand = 921 kg/m3 and crushed stone = 753 
kg/m3 were used for all the six concrete mixtures. 
 

Table 3:Fresh properties of SFC-SCC concretes 

 
 
The prisms with dimensions of 75mm7mm285 mm 
were cast for the drying shrinkage test. After 24 hours 
of curing in the molds at room temperature of 27±2 
oC, all specimens were removed and cured in the 
room temperature of 27±2 oC and 65 % RH. In this 
study, the compressive strength was tested at age of 
28 days to confirm that all concrete mixes had the 
equivalent mechanical performance. On the other 
hand, the drying shrinkage of specimens was 
monitored up to 150 days for evaluation. 
 
III. RESULTS AND DISCUSSIONS 
 
3.1 Workability 
The flow spread of the fresh concrete with and 
without J-Ring is summarized in Table 3. Other 
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feature of concretes at fresh state is also shown in Fig. 
1. Table 3 shows that most of the SFC concretes 
illustrated the slump flow in range of 600-650mm, as 
normally suggested for high workability concrete (or 
even self-compacting concrete) manufacture. 

 

 
Fig.1.Workability of the SFC-SCCs with (a) no FFA additive 

and (b) with FFA replacing for GGBFS 
 

Therefore, such SFC concrete was herein defined as 
high performance concrete (HPC). The visual 
stability index (VSI) values of the SFC concretes, 
based on ASTM C1611, were from 0 to 1. As 
suggested by ASTM C1611, the stability of the SFC 
concretes was accepted because of no segregation and 
bleeding (Fig. 1). The passing ability related to the 
blocking resistance of the HPC with SFC binder was 
assessed, as described in ASTM C1621. 

In this study, the FFA additive significantly 
improved the fresh property of the SFC based HPC. 
Indeed, the SFC based HPC with FFA additive in 
range of 10-50% replaced for slag had the excellent 
passing ability because the difference between slump 
flow and J-Ring flow fell into a range of 0-25 mm, 
which referred to no visible blocking. However, the 
SFC based HPC without FFA additive illustrated 

noticeable blocking during flowing because the 
difference between slump flow and J-Ring was 
beyond 25 mm. It is believed that the optimized 
particles and spherical shapes of FFA significantly 
improve the flowability and passing ability of the 
SFC-SCCs. On the other hand, the flowing and 
passing ability of the OPC concrete was poor even 
though a great deal of SP was used. The difference 
between slump flow and J-Ring flow of the OPC 
concrete was up to 100 mm so that the OPC concrete 
had extreme blocking, as suggested by ASTM C1621. 
Such reason could result from the poorly optimized 
and irregular shapes of OPC particles. Moreover, the 
OPC demands more water for certain workability 
because some water loss is induced by flocs. 
 
3.2.Compressive strength 
The compressive strengths of SFC based HPCs are 
shown in Fig.2. The preliminary study showed that 
the addition of FFA up to 30% as partial replacement 
for slag slightly affect the compressive strength of the 
SFC no-cement binder [8] 

 
Fig. 2. Compressive strengths of SFC-SCC concrete with 

different mix proportions 
However the increased FFA up to 50 wt.% caused the 
negative effect on the compressive strengths of the 
SFC no-cement binder regardless of ages [8, 9]. 
Moreover, the compressive strength of the OPC 
cement was higher than that of the SFC binder at 
similar W/B [9]. Therefore, the W/B was adjusted as 
aforementioned in subsection 2.1 to produce concrete 
with equivalent 28-day compressive strength. 
Accordingly, as shown in Fig. 2, the 28-day 
compressive strengths of all concrete mixtures were 
equivalent to each other. With 28-day compressive 
strength in range of 40.2 to 42.6 MPa, the SFC based 
HPCs are classified as high strength concrete so that 
such type of concrete can be widely applied in 
construction field including structural construction 
[7]. 
3.3. Drying shrinkage 
The drying shrinkage of SFC based HPCs up to 150 
days is shown in Fig. 3. The excessive FFA additive, 
as partial replacement for GGBFS, significantly 
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improved the drying shrinkage of the SFC based 
HPCs.  
 

 
Fig.3. Drying shrinkage of high performance SFC concrete 

with different mix proportions 
 
Indeed, the increased FFA from 0 to 30 wt.% was 
associated with the decreased drying shrinkage of the 
SFC based HPCs, and thus it is suggested to use FFA 
to reduce the drying shrinkage of the SFC-SCCs. 
However, as can be seen in Fig. 3, the SFC based 
HPC with 50 wt.% FFA additive in replacement for 
GGBFS (F50L30 mix) had drying shrinkage slightly 
higher than the mix with lower amount of FFA 
(F30L32 mix). Such result could be attributed to the 
weakness of the paste prepared with 50 wt.% FFA. 
Therefore, the optimum range of FFA additive was 
limited at 50% replaced for slag. When compared 
with the OPC concrete, the SFC based HPCs with 
optimum amount of FFA (10-50%) had comparable 
drying shrinkage. In this study, the addition of FFA at 
range of 30-50% led to the SFC based HPCs with 
drying shrinkage lower than that of the OPC concrete. 
Such results could be attributed to the expansive 
ettringite (AFt) crystal that compensated the drying 
shrinkage of the SFC based HPCs [8]. In case of the 
FFA modified SFC based HPCs, the improved 
microstructure and stability of FFA particles also 
lowered the drying shrinkage of concrete [9]. 

 
CONCLUSIONS 
 
The evaluation on fresh property and drying 
shrinkage of the high performance concrete (HPC) 
with SFC no-cement binder in which effect of the low 
calcium Class F fly ash (FFA) has been apparently 
explored. According to the experimental results, the 
following conclusions have been drawn: 
1. The 28-day compressive strengths of the 
proposed SFC based HPCs were reported to fall in 
range of 40.2 to 42.6 MPa with FFA additive up to 50 

wt.%. Such concrete, therefore, classified as high 
strength concrete (HSC) applicably applied to widely 
constructing fields. 
2. The FFA additive up to 50 wt.%, as 
replacement for GGBFS, can be used to improve the 
fresh properties in terms of the flowability and 
passing ability of the SFC based HPCs. 
3. Increase in FFA additive replaced for slag 
led to significant decrease in drying shrinkage of the 
resultant SFC based HPCs. Therefore, it was 
encouraged to be used not only to improve fresh 
property of such concrete as aforementioned but also 
to improve drying shrinkage of hardened specimens. 
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