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Abstract
Nowadays, utilizing large amount industrial by-product �y ash (FA) as the alternatives for cement in self-compacting
concrete (SCC) had attracted more attention. In this study, FA was employed in SCC at �ve levels (0 %, 20 %, 30 %, 40
%, 50 %). The mechanical behaviors, the water porosity, the transport properties and the sustainability of FA series
SCC were investigated. At the initial curing stage (3 days), the use of FA in SCC reduces mechanical properties,
increases water porosity, water absorption and water absorption coe�cient (sorptivity) of SCC. FA series SCC have
the lower resistance against carbon dioxide attack, chloride ion penetration than cement -based SCC. The prolonging
curing time is bene�cial to improve the long-term behaviors of FA- blended SCC. After SCC made with 20 %, 30 %, 40
% FA water-curing for 90 days, there are an reduction of 0.44-2.09 % in the mechanical behaviors and an increase of
0.082-0.41 % in the water porosity, compared to pure-cement SCC. Beyond the content of FA (40 %), the differences of
the mechanical properties and the water porosity between SCC with 50 % FA and fully cement SCC are below the
value of 2.5 %. With the progress of the curing time, the largest reduction rates of the water absorption and the
sorptivity were found in 50 % FA-blended SCC. Utilizing 50 % FA in SCC reduces the total charge passed values of
SCC. The manufacture of 50 % FA-blended SCC has the lowest energy consumption and released amounts of CO2,
NOx, SOx in all SCC mixtures. The application of high-level FA in SCC is the positive assistance to prepare sustainable
SCC with satisfying long-term behaviors.

Introduction
Self-compacting concrete (SCC) was �rst developed in Japan between 1980 year and 1990 year. The technology of
SCC represents an important advance in modern concrete industry (Ozawa et al. 1989). Fresh mixing SCC has three
important features. First, SCC as a kind of high �uidity concrete can easily place by means of its own weight. Second,
SCC adapts to cast in structures with complicated formwork, congested reinforcing bar and the di�cult to reach areas
without mechanical vibration. Third, fresh SCC can maintain the cohesive to prevent segregation or bleeding water
during the transportation and the casting processes (Bouzoubaa and Lachemi 2001). The use of SCC in construction
engineerings not only leads to the shortening of construction time and the reduction of labor cost, but also lowers the
noise and the vibration levels on the building site (Nunes et al. 2006). Due to these advantages of SCC materials over
normal vibrated concrete, SCC had been widely applied in large-scale buildings, high-speed roads, cross-ocean
bridges, dams and marine structures (Ouchi 2001).

In general, SCC mixtures contain cement, �ne and coarse aggregates, superplasticizer, water. The components to
make SCC are similar to those for making normal concrete. However, in order to obtain high �uidity, a large number of
cement needs to incorporate into SCC. The inclusion of excessive cement in SCC causes the serious environmental
problems (Le et al. 2015). Menéndez et al. (2014) showed that the manufacture of cement clinker at each ton releases
nearly one ton of greenhouse gas (CO2), which contributes about 5 % of CO2 emissions in the worldwide. It is
estimated that the total amounts of CO2 deriving from cement production in the global areas are 1.35 billion tons
every year. By 2025 year, CO2 emissions of cement industry around the world increase by about 15-20 %, based on the
current emission level (Anand et al. 2006). Also, the preparing process of cement produces a large number of kiln
dusts (Blankendaal et al.2014). Other alternative technologies need to develop for the production of green and eco-
friendly SCC.

In the last four decades, the researcher had explored the solution to promote the sustainability of SCC. The utilization
of supplementary cementing materials (SCMs), i.e. �y ash (FA), ground granulated blast-furnace slag (GGBS),
metakaolin (MK), silica fume (SF), rice husk ash (RHA), to replace cement in SCC are the promising option to lower the
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negative in�uence of SCC industry on the environment (Arumugam and Shaik 2020). Among these SCMs, FA is the
most commonly used SCMs. It is reported (Gollakota et al. 2019) that about 100 million tons FA were generated every
year in China. Each year, the amount of FA produced in European was 66.7 million tons. The yield of FA per year in
Turkey reached 24.6 million tons. The annual output of FA in the global is 750 million tons. Utilizing FA as the
alternatives for cement to prepare SCC consumes a large number of industrial by-products and lowers the demand for
cement, which is considerable bene�cial to reduce environmental pollution in the production of SCC.

The previous studies had indicated that the common amount of FA in SCC is generally limited to 10-30 % of total
binder materials. When large-level FA by mass (above 40 %) was applied in SCC, it is termed as high-amount FA SCC
(Hemalatha and Ramaswamy 2017). FA at large amount incorporating into SCC may signi�cant affect the behaviors
of SCC mixture. The introduction of high content FA to SCC is the challenge for developing sustainable SCC. Jalal et
al. (2019) proved that the presence of more FA in SCC had a positive role on the rheological behaviors of SCC, fresh
mixing SCC with high-level FA had the satisfactory self-compacting properties. Moreover, the inclusion of large-
amount FA in SCC can appreciably lessen the formwork lateral pressure and reduce the critical shear rate of fresh
SCC (Gregori et al. 2008).The minimum viscosity, shear thickening intensity and the highest passing capacity of SCC
were found in high-volume FA SCC (Güneyisi et al.2015). Also, FA used to replace cement in SCC at high level causes
the entrained air bubble of fresh mixing SCC more easily to escape (Puthipad et al.2016). Besides, SCC mixture
containing high-content FA needs a longer time to set than pure cement-based SCC (Güneyisi et al. 2009). As a result,
the presence of high level FA in SCC delays the binder materials hydration at the initial stage and lowers the early age
mechanical properties of SCC (Jalal et al. 2013). With the progress of the curing time, the maximum increase in the
mechanical strength was observed in 90- days SCC with large content FA (Dinakar et al. 2013). At the late curing
stage, SCC sample made with high-amount FA had the identical mechanical properties to normal SCC (Kuder et al.
2012). High-amount FA SCC has the lower hydration temperature, thermal stress and thermal expansion coe�cient
than pure-cement SCC (Utsi and Jonasson 2012; Abhijeet et al. 2015). Altoubat et al. (2017) indicated that the
replacement of cement at high content with FA in SCC can compensate autogenous shrinkage of SCC, a reduction of
26 % in the dry shrinkage was found in SCC with 60 % FA. In addition, at the actual environment, the chemical media
in the environment (water, carbon dioxide, chloride ion, sulfate ion) may penetrate inside FA series SCC by transport
mechanism. Dinakar et al. (2008) showed that SCC made with high level FA had larger permeable void, water
absorption and water absorption coe�cient than fully-cement SCC. The increase level of FA lowers the resistance of
SCC against CO2 attack, and the largest carbonation depth was obtained in SCC mixture with 85 % FA at 90,365 days
(Dinakar et al. 2009). Güneyisi et al. (2015) found that 28-days SCC sample with high-amount FA had the low gas
permeability coe�cient of SCC. The presence of high-level FA in SCC seems to be bene�cial in preventing the chloride
ion migration and penetration inside SCC (Sahmaran et al. 2009). Vishwakarma et al. (2020) observed that the use of
high-level FA in SCC improves the resistance of SCC against sulfuric acid attack.

Up to now, there are some extensive studies on the application of FA at large amount in SCC. However, these
literatures are main focus on the fresh and the mechanical properties of high-level FA SCC. The long-term transport
behaviors and the porosity of large content FA-blended SCC had not fully discussed. The little information is available
on the relationship between the porosity and the transport property indexes of FA series SCC. The document related to
the sustainability of high -level FA SCC is insu�cient. Further study needs to carry out on these aspects.

In this study, the industrial by-product FA was employed in SCC at �ve levels (0 %, 20 %, 30 %, 40 %, 50 %). At a regular
curing time, the effect of FA content on the compressive strength and the �exural strength of SCC was evaluated. The
transport behaviors of SCC mixtures with FA, i.e. the water porosity, the water absorption, the water absorption
coe�cient, the carbonation depth, the carbonation coe�cient, the total charge passed values, were measured. The
relationships between the water porosity and the compressive strength, the transport properties of FA-blended SCC

http://www.baidu.com/link?url=2I_OfdXjEiGXJczYmcYq2uxkAS8C4gweebmCdJGcoMMteMeOYVz94FqItDa7hud9ThaIMBlPKSxnMDoPaF8t9iv9IIjSRrJ3BQVKl2p5slS_dmqi93SOok77jjRpyr4l&wd=&eqid=aa987439000c6c91000000055c9b16a7
http://www.baidu.com/link?url=edcReVxOc-VAjwPjhMl6fOP2w1AGNKtZXZg_PzNwI3I_wIjyVohQOg9ZSHej6dBrSbl7vLu3Q9fm-uB_VIqx94QICrU9gsoy4J-h9oujdhWlt4T_TkaSDKlzln9Zz5Lz&wd=&eqid=e21e82ec0000b9b4000000055b2e3892
http://www.baidu.com/link?url=VGnfP8Gxggs_LvDz4Zm50K3fIEUSSJCuTChA8SopnJyOahZEipJ9gSaFAmiDiqwXk28X16SVVpZgp9Aqlr3yM37CT4IXgeLMnJMiuA6HDbYhbLiLkD8D7vXvmfxh5OgeVhINd-HsNK0wxpetu87s8K&wd=&eqid=a2eb21e800001f38000000045e44c41e
http://www.baidu.com/link?url=VXf3omCCmRRrZGllxqnin-gt0Vt0Lkolul2zcTFs5Pa2pT1y4WFyKuFZOKIPZtkq-7l6_yVFrPpM9J239i9S3NLfygNHl8xgdak0dRN1lb-KxTdGuvopBosqhS6Pakqe&wd=&eqid=e14389e300002ecd00000005582eaf92
http://www.baidu.com/link?url=O1UGENZhrjPFYxtW9MTYphD4npMjkQwxuaivIaI3R43CKZGDKKne68DDl-Fhd6PmqTCfbmM4QA6NkZT648KbdVRV1x9DJ7NNZVD2MEA_iGe&wd=&eqid=af19ea36000f8d7e000000045f703bad
http://www.baidu.com/link?url=NQnrHr_j8IHUsw1fejiDLnBuaom1uGohIKEN0-4E2mqbcUWR6GwF1HN4yrDgrn-p_wyt4nr3Y0JuM_Wv6CpEpsS_XAEBsezoVWW4rKjmsuO&wd=&eqid=b3e1300300064958000000045e450d01
http://www.baidu.com/link?url=x7NFlFLwJzh9Qz-zE3olORnqphu20waBhKfRNkOMZ6LigaKZ4ZMnWzVyzer0uwiWEm9qJXRifCSkkInekCcLp9xRHhiFuXaREWiYHMO7kgK&wd=&eqid=d3f226be000e7eab000000045dae77ce


Page 4/22

were assessed. The consumed energy e�ciency and the environmental e�ciency in the production of SCC were
examined to discuss the sustainability of FA series SCC. The deep understanding how to utilize high-level FA as the
valuable resource in SCC was obtained. It lays the foundation for the reasonable production of sustainable SCC with
high-amount FA.

Materials And Methods
Materials

The primary binder material is Ordinary Portland cement (OPC) of ASTM Type I, complying with ASTM C 150-07
(ASTM C 150-07 2007). Class-F industrial by-product FA, meeting the speci�cation of ASTM C 618-05 (ASTM C 618-
05 2005), was used as SCMs, FA was provided by an electric power plant in Chinese. The oxide compositions, mineral
compositions and physical properties of OPC, FA are shown in Table 1. A polycarboxylate-based (PCA)
superplasticizer (SP) was used in all SCC mixtures. River sand �ne aggregate (particle size < 5 mm) was obtained
from China. Crushed limestone gravel with continuous gradation (particle size of 5-25 mm) was applied as coarse
aggregate. The particle gradations, the physical properties of �ne aggregate and coarse aggregate are presented in
Table 2.

Composition of studied SCC

In this study, two series SCC mixtures were prepared for the investigation. Control SCC is SCC with fully OPC (named
as OPC100). The other series SCC mixtures are that FA replaces 20 %, 30 %, 40 %, 50 % OPC in SCC (labeled as
OPC80FA20, OPC70FA30, OPC60FA40, OPC50FA50). In all SCC mixtures, the weight proportions of total binder
materials (OPC + FA)/�ne aggregate/ coarse aggregate/water were kept at 1:1.51:2.36:0.35.The amounts of total
binder materials are 460 kg/m3. PCA SP in SCC is equal to 0.24 % mass of total binder materials. The details of the
mix proportions of two series SCC are summarized in Table 3.

Sample preparation, curing conditions

First, the solid components of SCC mixture were batched and dry-mixed for 60 sec. Then, PCA SP premixed with water
was introduced to the solid mixtures, SCC mixture continued to mix for 300 sec. Before casting, the �uidity, the
passing ability and the segregation ratio test were carried out to assess the fresh properties of SCC. Table.4 shows
that the rheological properties of all SCC mixtures meet the target demand of fresh SCC, speci�ed by EFNARC
standard (EFNARC 2002). Finally, fresh SCC was poured into the moulds and transferred to the room with a
temperature of 23 °C for 24 h, complying with GOST 10180 (GOST 10180 1990). After one day, SCC was demoulded
and water-cured in an environment with the relative humidity of 93 ± 2 % and the temperature of 20 ± 3 °C until the
age of testing.

Test methods

After 3, 7, 28, 90 days of water-curing, three 100 mm × 100 mm × 100 mm cube samples were used to measure the
compressive strength of SCC, according to BS EN 12390-3 (BS EN12390-3 2000). In the test, the compression
machine with a maximum load of 3000 kN was applied. The �exural strength test of a three-point was conducted at a
load rate of 0.04 N/ mm2·s, complying with the requirement of BS EN 12390-5 (BS EN 12390-5 2000) using three 100
mm × 100 mm × 400 mm prismatic SCC.
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The vacuum saturating method was introduced to determine the water porosity of SCC (Khan et al. 2000). After
cylindrical SCC sample of Φ 50 mm × 40 mm was cured in water for 3, 7, 28, 90 days, SCC sample was allowed to dry
at a temperature of 100 ± 5 °C. Then, SCC sample was kept at vacuum pressure for 3 h. Finally, SCC sample was left
to submerge at the atmospheric pressure for 12 h. The formula (1) was used to calculate the water porosity of SCC.

Where: P is the water porosity, in %; Wsat is the mass of saturated specimen in air, in kg; Wdry is the mass of oven-dried
specimen at 100 ± 5 °C, in kg; Wwat is the mass of saturated specimen in water, in kg;

ASTM C 642 method (ASTM C 642 2006) was used to test the water absorption of SCC. After Φ 100 mm × 50 mm
cylindrical SCC sample was stored in water for 28, 90 days, SCC sample was dried in an oven with a temperature of
100 ± 5 °C. Then, SCC sample cooled to room temperature was exposed to water for 45 min. Finally, the weight of
SCC sample at surface-dry condition was recorded. The water absorption of SCC is the percentage of the weight gain
of absorbed water of sample (45 min) to the weight of absolute-dry sample. The sorptivity of SCC was conducted
using Φ 100 mm × 50 mm cylinder SCC sample, based on ASTM C 1585-04 (ASTM C 1585-04 2004). After water-
curing for 28, 90 days, the top surface and the bottom surface of SCC sample were sealed, the other surfaces of SCC
were kept to contact with water at a depth of 5 mm. The cumulative weight gain of SCC sample due to water
absorption from 1 h to 96 h was recorded. The sorptivity of SCC was the curve slope of the cumulative weight gain
and the square-root of time. The resistance of SCC against CO2 attack was assessed by the accelerated carbonation
test in accordance with GBJ 82-85 (GBJ 82-85 1985). Before the test, prismatic SCC sample of 100 mm × 100 mm ×
300 mm was immersed in water for 26 days and allowed to dry at a temperature of 60 °C for 48 h. Then, SCC was
placed into a accelerated carbonation chamber, where the temperature, the relative humidity, the concentration of CO2

are 20 ± 3 °C, 50 ± 5 %, 20 ± 3 %, the half face of SCC sample was exposed to CO2 gas. Finally, the test was conduced
at the exposure durations of 3, 7, 14, 28 days. The carbonation coe�cient of SCC was obtained by the regression
analysis on the carbonation depths of SCC sample at different exposure times. The rapid chloride ion permeability
test (RCPT) was employed to evaluate the resistance of SCC against chloride ion penetration, in conformance with
ASTM C 1202 (ASTM C 1202 2006). After Φ 100 mm × 50 mm cylinder SCC sample was stored in water for 28, 90
days, one face of SCC sample was in contact with the solution of 3.0 % NaCl, the opposite surface of SCC sample
was exposed to NaOH solution of 0.3 N. A direct current of 60 V was exerted on sample for 6 h. The total charge
passed values (in coulombs) through SCC sample over 6-h period were reported.

The consumed energy e�ciency in the production of SCC (per m3) was obtained from the total embodied energy of
each ingredient in SCC. Regarding the environmental e�ciency of SCC, the released amounts of greenhouse (CO2)

gas and pollutant gases (NOx, SOx) in the preparation of SCC (1 m3) were calculated by multiplying weight of raw
materials.

Results And Discussions
Compressive strength

The compressive strength test results of SCC mixtures with 0 %, 20 %, 30 %, 40 %, 50 % at four periods (3, 7, 28, 90
days) are given in Fig.1. In case of control SCC and FA series SCC, the compressive strength of SCC mixtures develop
during the curing period from 3 days to 90 days. Moreover, the inclusion of FA in SCC mixture results in the reduction
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of the compressive strength of SCC. At the initial curing stage (3 days), FA replaces OPC in SCC at a low content (20
%, 30 %), the compressive strength of SCC are 37.83 MPa, 32.64 MPa, there are the reduction of 15.39 %, 26.99 % in
the compressive strength, compared with 100 % cement-blended SCC (44.71 MPa). The increase in the amount of FA
from 30 % to 40 %, 50 %, the notable large reduction rate on the compressive strength for 44.33 %, 52.25 % was found
in 40 %, 50 % FA SCC. The prolonging curing period has a positive contribution on the long-term compressive strength
development of FA series SCC. The 90-days compressive strength of SCC containing 0 %, 20 %, 30 %, 40 %, 50 % FA
are 75.47 MPa, 75.12 MPa, 74.74 MPa, 74.15 MPa, 73.89 MPa. FA series SCC samples have 0.46 %, 0.97 %, 1.75 %,
2.09 % low compressive strength, compared to fully-cement SCC. With regard to the long-term compressive strength
of SCC, the differences between pure-cement SCC and FA series SCC are no signi�cant. High-amount FA (50 %) was
incorporated into SCC, the reduction rate of the 90-days compressive strength is within the acceptable range (< 2.5 %).
It may probably relate to this fact that FA has the low reaction activity at the early curing age, the replacement of
cement with FA lowers the binder materials amount in SCC, the microstructures of SCC containing FA are
homogeneous and looser than control SCC. With the progress of the curing period, FA SCM produces the secondary
hydration reaction with calcium hydroxide from cement hydration, the continuous water-curing accelerates that the
secondary hydration products of FA �ll into the void of SCC (Vanyo et al. 1996).

Flexural strength

Fig.2 shows the �exural strength development of control SCC and FA-blended SCC mixtures as a function of the
curing time. After two series SCC were stored in water for 3, 7, 28, 90 days, the �exural strength of SCC made by fully-
cement is 7.95 MPa, 9.78 MPa, 11.68 MPa, 12.54 MPa. SCC mixtures incorporating 20 %, 30 %, 40 %, 50 % FA exhibit
the �exural strength in the ranges of 7.76-6.54 MPa, 9.65-8.97 MPa, 11.54-11.27 MPa, 12.44-12.39 MPa, respectively.
The �exural strength of SCC mixture grows at the curing ages of 3, 7, 28, 90 days. Moreover, the introduction of FA to
SCC sample lowers the �exural strength of SCC. At the test period of 3 days, the �exural strength of 20 %, 30 %, 40 %,
50 % FA-blended SCC have the reduction of 2.39 %, 7.04 %, 12.20 %, 17.74 %, in comparison to 100 % cement-based
SCC. With the extension in the curing time from 3 days to 90 days, the 90-days �exural strength of SCC with 0 %, 20 %,
30 %, 40 %, 50 % FA experience the increase for 57.74 %, 60.95 %, 68.61 %, 78.09 %, 89.30 %, compared with the 3-
days �exural strength of corresponding SCC. FA series SCC, especially for 50 % FA SCC, have a faster gain rate of the
�exural strength than control SCC. At the late curing stage (90 days), utilizing 20 %, 30 %, 40 %, 50 % FA as the
alternatives for OPC cause 0.40 %, 0.64 %, 0.88 %, 1.28 % lower �exural strength than SCC with fully cement. In FA
series SCC, 50 % FA SCC had a slightly large reduction rate in the 90-days �exural strength, which is below the range
of 1.5 %.

Water porosity

Fig.3 illustrates that the water porosities of SCC samples with 0 %, 20 %, 30 %, 40 %, 50 % FA water-curing for 3, 7, 28,
90 days are in the ranges of 14.72-16.53 %, 13.54-15.11 %, 12.78-14.41 %, 12.14-12.19 %. As expected, at all test
periods, the utilization of FA in SCC mixture enhances the water porosity of SCC. After SCC mixtures were stored in
water for 3 days, SCC samples with 20 %, 30 %, 40 %, 50 % FA have 4.14 %, 7.74 %, 10.39 %, 12.30 % higher water
porosity than SCC prepared with pure cement. The prolonging curing period to 90 days, FA series SCC have the rapider
reduction in the water porosity than reference SCC. At the late curing age (90 days),SCC samples with FA, ranging
from 20 % to 40 %, have 0.082 %, 0.16 %, 0.33 % larger water porosity than SCC with fully cement, the presence of
high-level FA (50 %) in SCC mixture can no increase anyway the water porosity of SCC. Nagaratnam et al. (2019)
proved that the introduction of FA to SCC retards the formation of microstructure at the early stage. The progress in
the curing time promotes the secondary hydration reaction of FA, so that the long-term microstructure of FA- blended
SCC is more compactness.
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Water absorption

The water absorption test of SCC sample was performed at the curing periods of 28, 90 days, and the results are
summarized in Fig.4. As shown, at both test ages, the water absorption of SCC with FA at different contents are 4.68
%, 5.11 %, 5.45 %, 6.01 %, 6.72 % and 3.25 %, 3.41 %, 3.56 %, 3.77 %, 4.03 %, the inclusion of FA in SCC results in the
larger water absorption than cement-based SCC. At the curing age of 28 days, with the change in the amount of FA
from 0 % to 20 %, 30 %, the water absorption of 20 %, 30 % FA SCC mixtures have the increase of 9.19 % 16.45 %, in
comparison to control SCC. The content of FA in SCC exceeds 30 %, the high water absorption of SCC was found in
SCC mixtures with 40 %, 50 % FA. The water absorption of 50 % FA SCC is more than 6 %, which absorbs about 40-45
% larger water than pure cement SCC. The prolonging curing time is an effective method to lower water absorbed into
FA series SCC. After 0 %, 20 %, 30 %, 40 %, 50 % FA-blended SCC were stored in water for 90 days, the water
absorption of SCC samples have the reduction of 30.56 %, 33.27 %, 34.68 %, 37.27 %, 40.02 %, compared to the 28-
days water absorption of corresponding SCC. FA series SCC exhibit a faster reduction rate in the water absorption
than control SCC. A large reduction in the water absorption was found in SCC mixture with high-amount FA (50
%).The prolonging curing period has the positive assistance on the formation of denser microstructure in SCC, and
the supply of free water inside hardened SCC becomes slow (Łaźniewska-Piekarczyk 2013).

Sorptivity

Fig.5 shows that, at the curing time of 28 days, the sorptivity of SCC samples with 0 %, 20 %, 30 %, 40 %, 50 % FA are
9.49 × 10 -4 kg/m2·S0.5, 11.76 ×10 -4 kg/m2·S0.5, 13.81 × 10 -4 kg/m2·S0.5, 15.75 × 10 -4 kg/m2·S0.5, 17.30 × 10 -4 kg/m2·S0.5. In
comparison to pure-cement SCC, 20 %, 30 % FA incorporating into SCC notable enhance the sorptivity of SCC. The
content of FA in SCC is more than 30 %, the increase in the sorptivity of SCC becomes very slowly. It indicates that the
sorptivity of SCC depends on the porosity of SCC, the recycle of FA with a low reaction activity in SCC enhances the
porosity of SCC, more water were absorbed inside SCC (

Chopra et al. 2015). However, the prolonging curing time improves the long-term sorptivity of series SCC mixtures.
During the change in the curing time form 28 days to 90 days, SCC with 0 %, 20 %, 30 %, 40 %, 50 % FA experience the
signi�cant reduction in the sorptivity for 19.60 %, 25.76 %, 28.95 %, 30.59 %, 34.10 %.The use of 50 % FA in SCC
causes a fastest reduction rate in all series SCC samples. After curing for 90 day, the sorptivity of 0 %, 20 %, 30 %, 40
%, 50 % FA-blended SCC are 7.63 × 10 -4 kg/m2·S0.5, 8.73 × 10 -4 kg/m2·S0.5, 9.81 × 10 -4 kg/m2·S0.5, 10.93 × 10 -4 kg/ m2·
S0.5, 11.40 × 10 -4 kg/m2·S0.5. The 90-days sorptivity of large-level FA SCC have the slightly differences each other.

Carbonation

The carbonation depth tests of SCC mixtures with FA at different contents were carried out at the exposure times of 3,
7, 14, 28 days, and the results are presented in Fig.6. Fig.6 shows that the evolution rule of the carbonation depth in
all SCC mixtures is similar, and can be divided into two stages. At the initial stage of carbonation, CO2 in the
environment rapidly permeates inside SCC, and SCC had a large carbonation depth. With the progress of carbonation
attack, the product of carbonation reaction �lls the pore of hardened SCC, which slows the supply of CO2 inside SCC.
At this exposure stage, the carbonation rate of SCC slowly increases (Philip and De 2014).

Fig.6 also gives that, at the exposure times of 3, 7, 14, 28 days, the carbonation depths of SCC with FA, ranging from 0
% to 50 %, are 0.46-4.57 mm, 0.89-6.39 mm, 1.23-8.25 mm, 1.56-10.98 mm. At the same test period, FA series SCC
exhibit lower the resistance against CO2 attack than 100 % cement-based SCC, the more FA incorporating into SCC,
the larger carbonation depth of SCC. Moreover, for a given SCC mixture, the carbonation rate of SCC mixture was
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considered as the proportional to the square-root of the exposure time. Based on the carbonation depth data of SCC
at different exposure durations, the carbonation coe�cient of SCC were obtained in Fig.7.

As shown in Fig.7 that, the carbonation coe�cient of SCC made by fully-cement is 0.3024 mm/ day0.5. While SCC
mixtures with 20 %, 30 %, 40 %, 50 % FA have the higher carbonation coe�cient than normal SCC for 1.0873
mm/day0.5, 1.2938 mm/day0.5, 1.5335 mm/day0.5, 1.7867 mm/day0.5, the carbonation coe�cient of SCC enhance
with the change in the content of FA from 20 % to 50 %. SCC with 50 % FA had the largest carbonation coe�cient in
all SCC mixtures, which is �ve-six times higher than control SCC. Cengiz (2004) think that the calcium hydroxide (CH)
content and the porosity of hardened SCC are two key parameters to control the resistance of SCC against CO2

attack. The utilization of more FA in SCC causes the low CH content and the high porosity, it is possible to obtain a
fast carbonation rate in high-amount FA SCC.

Chloride ion penetration

It can be seen from Fig.8 that, regarding SCC mixtures with 0 %, 20 %, 30 %, 40 %, 50 % FA, at test age of 28 days, the
total charge passed values of SCC samples within 6 h are 3756.2 C, 3327.4 C, 2752.9 C, 3033.1 C, 3242.7 C, which is
recorded in the range from 2000 C to 4000 C, ASTM C1202 speci�es as the moderate chloride ion penetrability level.
Compared with fully cement-based SCC, FA replaces 20 %, 30 % OPC in SCC, the total charge passed values through
SCC exhibit a substantial reduction, the introduction of 30 % FA to SCC has the lowest total charge passed values in
all SCC mixtures. The content of FA in SCC mixture is beyond 30 %, the total charge passed values of SCC have a
further increase. The total charge passed values of 50 % FA-blended SCC are lower than pure-cement SCC. It indicated
that high-amount FA adding into SCC increases the porosity of SCC. However, FA particle has the stronger adsorbing
and binding capacity of chloride ion than OPC particle (Yang et al. 2006).Therefore, high-amount (50 %) FA SCC has
the relative low chloride ion penetration. The prolonging curing period seems bene�cial to prevent chloride ion
penetration inside FA series SCC. At the curing period of 90 days, SCC samples containing 20 %, 30 %, 40 %, 50 % FA
have the total charge passed values over 6 h period for 1685.9 C, 1371.7 C, 1464.2 C, 1535.1 C, the reduction of 27.44
%, 40.97 %, 36.99 %, 33.93 % in the total charge passed values, compared to pure-cement SCC (2323.6 C). The total
charge passed values of all FA series SCC curing for 90 days are below 2000 C. The resistance of FA series SCC
against the chloride ion penetration changes from the moderate penetrability level of chloride ion (28 days) to the low
penetrability level of chloride ion (90 days), according to ASTM C 1202.

Relationships between the water porosity and the compressive strength of SCC

Fig.9 illustrates that, with regards to SCC mixture curing for 28 days, the water porosity of SCC is closely related to the
compressive strength of SCC. In general, irrespective of the content of FA in SCC, SCC with the low water porosity had
the large compressive strength of SCC. Between the water porosity (x) and the compressive strength (y) of SCC exist a
linear relationship, the �tting formula is y = -8.1785 x + 170.2625 with the high correlation coe�cient (R2= 0.9311).

Correlations between the water porosity and the transport property indexes of SCC

In this study, the correlations between the water porosity and the sorptivity, the total charge passed values through
SCC were obtained from the regression analysis. The results are given in Fig. 10-11.

Fig.10 presents that, in case of 28-days FA series SCC, the better linear relationship (y = 4.9149 x-53.3939) was
observed between the water porosity (x) and the sorptivity (y) of SCC mixture, R2 is above 0.90. Compared with the
correlation between the water porosity and the sorptivity of SCC, it can be found from Fig.11 that the water porosity
(x) is less connected with the total charge passed values (y) through SCC (y= -332.5 x + 7756.4), of which R2 is < 0.50.
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It is because, the sorptivity of FA SCC mainly relates to the porosity of SCC. While the chloride ion penetration inside
FA series SCC not only depends on the porosity of SCC, but also is affected by adsorbing and binding capacity of FA
particle for chloride ion (Yerramala and Babu 2011), the combined actions of two factors decide the penetration
behavior of chloride ion in FA series SCC.

Consumed energy e�ciency

The consumed energy e�ciency in the production of SCC is the main indicator to assess the sustainability of SCC. In
this study, the statistics on the unit embodied energy of raw materials to prepare SCC derive from reliable available
literature (Mithun and Narasimhan 2016; Jones et al. 2011), the consumed energy of SCC in transportation, handling,
placement processes were excluded. The consumed energy associated with the production of FA-blended SCC (per
m3) were illustrated in Table 5.

As shown in Table 5 that, the consumed energy of SCC mixtures with 0 %, 20 %, 30 %, 40 %, 50 % FA are 2406.252
MJ/m3, 1965.756 MJ/m3, 1760.412 MJ/m3, 1545.132 MJ/m3, 1329.852 MJ /m3. FA series SCC have the lower
consumed energy than SCC without FA. Utilizing FA as the alternatives for OPC in SCC sample reduces the energy
consumption, which is bene�cial to improve the sustainability of SCC. Among series FA SCC, SCC containing 50 % FA
had the lowest consumed energy, the reduction of 44.73 %, in comparison to SCC with 100 % cement.

Environmental e�ciency

The sustainability of SCC also depends on the environmental e�ciency, which includes the emissions of greenhouse
gas (CO2) and pollutant gases (NOx, SOx) in the production of SCC. The database of national material life cycle
assessment centre in China and the literature (CNMLCA 2010;Yang et al.2014) provide the different gas emission
factors (in kg/kg) of individual ingredient to prepare SCC, the emission data were summarized in Table 6. The
emissions of CO2, NOx, SOx in the preparation of SCC with FA at different contents are showed in Fig.12.

Fig.12 indicates that the emitted amounts of CO2, NOx, SOx gases in the manufacture of SCC mixtures with 0 %, 20 %,

30 %, 40 %, 50 % FA are 415.326-243.285 kg/m3, 0.856-0.444 kg/m3, 0.493-0.253 kg/m3. Among the environmental
e�ciency, the largest environmental load in the production of SCC was CO2 emission. When OPC of 20-50 % in SCC
was replaced by FA, the emissions of CO2 reduce about 19.17 %, 28.75 %, 38.34 %, 41.42 %, in comparison to cement-
based SCC. The release of NOx gas is the second environmental load in the preparing process of SCC. FA as the
substitutes for cement decreases the emission of NOx gas in SCC, the emission amounts of NOx gas in the preparing
of 20 %, 30 %, 40 %, 50 % FA-blended SCC are 80.72 %, 71.14 %, 61.45 %, 51.87 % of pure-cement SCC. Poisonous SOx

gas also produces some negative effect on the environment. Compared with control SCC, SCC with 20 % FA has the
reduction of 19.47 % in the emissions of SOx, the highest reduction rate (48.68 %) in the emission amounts of SOx

was found in 50 % FA SCC.

Conclusions
Nowadays, the utilization of large amount industrial by-product FA as the substitutes for cement in SCC is a
promising option to reduce the negative effect of SCC industry on the environment. In this study, FA was used to
replace cement in SCC at �ve levels (0 %, 20 %, 30 %, 40 %, 50 %). The mechanical properties, the water porosity, the
transport behaviors and the sustainability of SCC were assessed. The following conclusions were drawn:
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At the initial curing stage (3 days), the inclusion of FA in SCC mixture lowers the mechanical behaviors and
increases the water porosity. After two series SCC mixtures were water-cured for 28 days, FA series SCC have
higher the water absorption, the sorptivity, the carbonation depth, the carbonation coe�cient than pure-cement
SCC. Utilizing FA in SCC is an effective method to resist against the penetration of chloride ion into hardened

The prolonging curing time was bene�cial to improve the long-term behaviors of FA-blended SCC. At the late
curing period (90 days), 20 %, 30 %, 40 % FA were employed as the alternatives for cement to prepare SCC. The
compressive strength, the �exural strength and the water porosity of SCC sample have the reduction of 0.46-2.09
%, 0.44-1.28 % and the increase of 082-0.41 %, in comparison to control SCC. Beyond the certain content of FA
(40 %), the slightly lower mechanical properties and the higher water porosity than cement-based SCC can be
achieved by utilizing 50 % FA in SCC. The difference in the mechanical properties and the water porosity between
normal cement SCC and 50 % FA SCC is below the range of 2.5 %. With the progress in the curing period, the
water absorption and the sorptivity of SCC mixtures with FA have the faster reduction rate than SCC with fully
cement. At the test age of 90 days, the resistance of FA series SCC mixtures against the chloride ion penetration
enhances from the moderate penetrability level of chloride ion (28 days) to the low penetrability level of chloride
ion (90 days), classi�ed by ASTM C 1202.

In case of FA series SCC water-curing for 28 days, there are the better linear relation between the water porosity
and the compressive strength. Among the transport property indexes of SCC, the relationship between the water
porosity and the sorptivity are superior to the correlation between the water porosity and the total charge passed
values through SCC.

In the production of SCC, the recycle of FA to SCC causes the reduction of 18.31-44.73 % in the consumed energy.
The released amounts of CO2, NOx, SOx from FA series SCC are 19.17- 41.42 %, 19.28-48.13 %, 19.47-48.68 %
lower than SCC made with fully cement. The lowest energy consumption and emitted amounts of CO2, NOx, SOx

were found in the manufacture of SCC with 50 % FA.

The application of large-amount FA in SCC mixture has the positive contribution to the long -term behaviors, the
consumed energy e�ciency and the environmental e�ciency of SCC. 50 % FA SCC curing for long time was
considered as the sustainable concrete
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Table 1.The oxide compositions, the mineral compositions and the physical properties of OPC, FA
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Oxide compositions (%) Mineral compositions (%)

Sample SiO2 Al2O3 CaO Fe2O3 MgO SO3 K2O Na2Oeq C3S C2S C3A C4AF

Cement
(OPC)

21.35 4.94 60.16 2.71 0.46 1.96 0.48 1.00 60.74 16.18 6.66 14.17

Fly ash
(FA)

56.79 28.21 < 3 5.31 5.21 0.68 1.34 0.45 - - - -

Physical properties

Sample Speci�c gravity (g/cm3) Blaine �neness
(cm2/g)

Compressive strength
(MPa)

Flexural strength
(MPa)

3d 7d 28d 3d 7d 28d

Cement
(OPC)

3.16 3519 30.0 45.6 60.2 5.8 7.4 8.3

Fly ash
(FA)

2.31 3960 - - - - - -

Abbreviations: Na2Oeq = Na2O +0.658K2O

Table 2.The particle gradations, the physical properties of �ne aggregate and coarse aggregate

http://dict.cnki.net/dict_result.aspx?searchword=%e7%9f%bf%e7%89%a9%e7%bb%84%e6%88%90&tjType=sentence&style=&t=mineral+composition
http://dict.cnki.net/dict_result.aspx?searchword=%e7%9f%bf%e7%89%a9%e7%bb%84%e6%88%90&tjType=sentence&style=&t=mineral+composition
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Sieve size (mm) Cumulative pass amount (% )

Fine aggregate Coarse aggregate

25 - 100

20 - 75.76

15 - 42.3

10 - 5.26

5 100 0.6

4.75 95.4 -

2.36 82.8 -

1.18 72.2 -

0.6 52.2 -

03 31 -

0.15 3.2 -

Fineness modulus 2.46 -

Physical properties

Density-OD (kg/m3)eq
2580 1635

Density-SSD (kg/m3)eq
2620 1680

Water absorption (%) 0.80 1.2

Abbreviations: OD-Density at absolutely dry condition, SSD-Density at saturated surface dry condition

Table 3.The mix proportions of series SCC mixtures

Mix W/B Binder materials
(kg/m3)

Fine aggregate
(kg/m3)

Coarse aggregate
(kg/m3)

PCA SP

(kg/m3)
OPC FA

OPC100 0.35 460 0 693.81 1085.2 1.104

OPC80FA20 0.35 368 92 693.81 1085.2 1.104

OPC70FA30 0.35 322 138 693.81 1085.2 1.104

OPC60FA40 0.35 276 184 693.81 1085.2 1.104

OPC50FA50 0.35 230 230 693.81 1085.2 1.104

Table 4.The rheological properties of series SCC mixtures
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Mix Slump �ow (mm) Slump �ow loss
rate (2 h) (%)

L-box test GTM segregation
ratio (%)

0 h 0.5
h

1h 1.5
h

2 h H2/H1
ratio (%)

Time
(s)

OPC100 695 554 486 454 420 39.57 0.93 18.9 9.2

OPC80FA20 724 646 605 574 549 24.17 0.95 18.5 9.4

OPC70FA30 746 676 641 616 598 19.84 0.97 18.2 9.7

OPC60FA40 759 706 674 652 640 15.68 0.98 17.9 9.8

OPC50FA50 775 723 705 687 663 14.45 0.99 17.3 9.9

Table 5.The consumed energy values of series SCC mixtures in the production (per m3)

Raw materials Embodied
energy

 (MJ/kg )

Mix no

OPC100 OPC80FA20 OPC70FA30 OPC60FA40 OPC50FA50

OPC (kg) 4.80 2208.0 1766.4 1545.6 1324.8 1104

FA (kg) 0.12 0 1.104 16.56 22.08 27.6

Fine aggregate (kg) 0.08 56.19861 56.19861 56.19861 56.19861 56.19861

Coarse aggregate (kg) 0.08 90.0716 90.0716 90.0716 90.0716 90.0716

PCA SP (kg) 16.46 18.17184 18.17184 18.17184 18.17184 18.17184

Water (kg) 0.21 33.81 33.81 33.81 33.81 33.81

Total consumed
energy (MJ/m3)

- 2406.252 1965.756 1760.412 1545.132 1329.852

Table 6.The unit emission values of CO2, NOx, SOx in the production of raw materials to prepare SCC mixture

Raw materials Functional unit Output ingredients (kg)

CO2 NOx SOx

OPC kg 0.885 1.79 × 10-3 1.05 × 10-3

FA kg 1.96 × 10-2 1.02 × 10-6 8.36 × 10-6

Fine aggregate kg 2.34 × 10-3 1.52 × 10-5 9.49 × 10-6

Coarse aggregate kg 5.71× 10-3 2.00× 10-5 3.00× 10-6

PCA SP kg 0.34 - -

Water kg 1.96 × 10-4 - -
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Figures

Figure 1

The compressive strength of series SCC mixtures at different curing periods

Figure 2

The �exural strength of series SCC mixtures at different curing periods
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Figure 3

The water porosities of series SCC mixtures at different curing periods

Figure 4

The water absorption of series SCC mixtures at both curing periods
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Figure 5

The sorptivity of series SCC mixtures at both curing periods

Figure 6

The carbonation depths of series SCC mixtures at different exposure durations
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Figure 7

The carbonation coe�cient of series SCC mixtures

Figure 8

The total charge passed values of series SCC mixtures at both curing periods
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Figure 9

The relationship between the water porosity and the compressive strength of SCC at the curing period of 28 days

Figure 10

The relationship between the water porosity and the sorptivity of SCC at the curing period of 28 days
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Figure 11

The relationship between the water porosity and the total charge passed values of SCC at the curing period of 28
days

Figure 12

The released amounts of CO2, NOx, SOx for series SCC mixtures


