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Abstract

In this study, influence of curing condition and fly ash content on properties of pre-fabricated concrete interlocking blocks (PCIBs) were
investigated. The blocks were produced with crushed sand stone (fine) and crushed stone (coarse) as aggregate. Also, fly ash was added to mixtures
in different ratio by replacing the cement from 0 to 30%. PCIBs were cured in three different types as steam cure, water-pool cure and wet cure.
Compressive strength, tensile splitting strength, density, apparent porosity, water absorption by weight and abrasion resistance of PCIBs was
determined. When comparing the PCIBs, the use of wet cure results in lower physical and mechanical properties after 28 days. By contrast, water-
pool and steam cure gives better result on mechanical and physical properties. Also, replacement of cement with fly ash (from 10% to 20%) has a
significant effect in increasing important properties of PCIBs.

Keywords: Curing; pavement blocks; prefabricated; strength; mineral admixture.

The main benefit of concrete pavement blocks over other materials is that individual pavements can later be lifted up
and replaced. Rapid curing techniques are widely used in the production of pre-cast concrete pavement blocks
because it accelerates the rate of strength development (Topcu and Uygunoglu, 2007). Some pre-cast concrete plants
apply steam curing immediately after casting the elements in the formwork in order to speed up the production rate
(Erdem, Turanli & Erdogan, 2003). Steam curing is a heat treatment which has been used for many years to accelerate
the strength development of concrete products. For compressive strength development of concrete, duration of
steam curing is also an important parameter as well as temperature (Turkel and Alabas, 2005; Yang, Zhang, Huang &
He, 2000; Liu, Xie & Li, 2005).

Fly ash, also known as industrial waste, is produced from burning coal in the thermal power plants. Today, worldwide
annual production of coal fly ash is estimated around 500 million tones, constituting about 75—-80% of the total coal
ash production. Therefore, the amount of coal fly ash has been increasing throughout the world (Ahmaruzzaman
2010). Alike, fly ash has been produced more than 15 million tons by coal power plants in Turkey (Gesoglu, Oz and
Guneyisi, 2012). The fly ash are the widely used in structural engineering materials due to their unique characteristics
such as fine particle size, spherical particle shape, low carbon content and high pozzolanic reaction, resistance to
weathering and etc. (Chindaprasirt, Jaturapitakkul & Sinsiri, 2005; Zeng et al., 2012). Because of these properties, the
fly ash is frequently used for industry such as: additive materials of cement, fine aggregate, filling materials etc (Yazici
and Arel, 2012).
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Strength development of concrete pavements at early age is often inadequate for prefabrication purposes since the
hardening process and strength-gaining rate of concrete under normal curing conditions are rather slow. Therefore,
the curing method used for precast concrete products differs from the normal curing method where steam curing is
usually employed because it accelerates the rate of strength development (Topcu and Uygunoglu, 2007). Atmospheric
pressure steam curing was used to improve compressive strength of concrete pavements. The most important
improvement is product ready for use within 24 h (the strength is generally equivalent to 28 days under ambient
curing). However, this curing method alters the properties of the resulting concrete (American Concrete Institute
1963; Boukendakdji, Brooks and Wainwright, 1996; Ho, Chua & Tam, 2003; Erdem, Turanli & Erdogan, 2003). Although
plenty information is already available on the effect of steam curing on conventional concrete properties, there is
limited data relating with steam cured concrete pavement blocks prepared with fly ash. Therefore, this paper presents
the results of a current study on the use of fly ash as a cement rehoplacement in steam cured interlocking concrete
pavements.

Several researchers demonstrated that the use of high volume fly ash in high-performance high-strength concrete
(Rong, Sun, W & Zhang, 2010; Papayianni & Anastasiou, 2010). The results of some mechanical properties carried out
on frame concrete by Zhen-Shuang (2011) put forth that fly ash addition to concrete results in significant
improvements in the compressive strength and flexural tensile strength mortar matrix at 56 days and 90 days, while
the compressive strength and flexural tensile strength of mortar matrix decreases with increasing amount of fly ash on
28 days, i.e. at early ages. Bilgin et al. (2012) investigated the usage of marble wastes for the production of industrial
bricks has significant important role on the recycling waste marble powder in the brick production along with a great
contribution to economy and ecology of the country. They observed that the amount of marble dust additive had
positive effect on the physical, chemical and mechanical strength of the produced industrial brick. Investigation of the
relations between fly ash, natural stone wastes and concrete wastes various mechanical strength parameters of
interlocking blocks has been the subject of a number of investigations (Gencel, Ozel, Filiz & Koksal, 2012). The results
of these investigations have indicated that the comparing the PCIBs with crushed sand stone, the replacement of
crushed sand stone with concrete waste and marble waste results with lower physical and mechanical properties. By
contrast, replacement of cement with fly ash (from 10% to 20%) has a significant effect in increasing important
properties of PCIBs (Uygunoglu, Topcu, Gencel & Brostow, 2012).

Materials

Ordinary Portland cement (OPC) was used with a minimum strength of 45 MPa at 28 days (CEM ). Its specific gravity
was 3.07. Initial and final setting times of the OPC were 300 and 530 min, respectively. The Blaine specific surface area
was 3212 cm2/g. Characteristic properties of OPC are presented in Table 1. In the production of pavement blocks,
mainly two groups of aggregate were used as fine and coarse. Fine aggregate was crushed sand stone in size of 0/6
mm with specific gravity of 2.66. It was used in all the types of PCIBs. The coarse aggregates were crushed limestone
with maximum size of 12 mm. The specific gravity of the crushed limestone aggregate was 2.70.

The fly ash was supplied from Tuncbilek, Kitahya/Turkey Thermal Power, and it was classified as F type according to
the ASTM C 618 (2005) criterion. The Blaine fineness, which is defined as a measure of the particle size or fineness of
supplementary cementitious materials, was 3226 cm2/g for fly ash. Its specific gravity was 1.99 g/cm3. The chemical
composition of fly ash was given in Table 1.

Table 1. Chemical component of Portland cement (OPC) and fly-ash. Source: self-elaboration.

Oxide, % Cao Si0, Al,05 Fe,0; MgO SO; K,0 Na,0 LOI
oPC 63.56 19.3 5.57 3.46 0.86 2.96 0.8 0.13 1.15
Fly ash 0.67 46.51 25.47 4.88 5.94 1.7 1.35 0.36 2.78
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Mix Design

In the study, mainly two parts of PCIBs were compared. The first part aimed to evaluate the influence of the type of
curing process on the properties of the PCIBs. The second part aimed at the determination of the effects of fly ash
content on the properties of blocks prepared with different types of aggregates. Totally, 12 series of concrete
interlocking pavement blocks were prepared with fly ash content of 0, 10, 20 and 30% by replacement ratio of OPC by
weight, with three types of cure condition. Effective water to binder ratio was 0.43; however, chemical admixture in
ratio of 1% of binder was used in all the series. The binder content was kept as 230 kg/m3. The aggregate content of
the specimens consisted as 30% coarse and 70% fine aggregate. The composition of the mixes is presented in Table 2.

Table 2. Materials content for per cubic meter. Source: self-elaboration.
Materials, kg/m>

Mixes
Cement Fly ash Water Coarse aggregates Fine aggregate Admixture
M1 230 0 99 653 1501 2.30
M2 207 23 99 649 1493 2.30
M3 184 46 99 646 1484 2.30
M4 161 69 99 642 1475 2.30

Fabrication of PCIB

In Turkey, wet-mixing of the prefabricated concrete most commonly takes place in a stationary batch type of mixer at
a central plant. The concrete pavement blocks were fabricated according to ASTM C936 (2015) using a wet-mixed
method. The sieved aggregates were mixed with the cementitious materials in different proportions. A 250 | batch
was prepared for all mortar mixtures using a pan. The mixing sequence consisted of homogenizing the coarse and fine
aggregates and binder for 1 min dry, and then adding water to the mixing container. The concrete mixture was mixed
for 3 min. Then blocks in size of 165x200x80 mm were fabricated in steel molds using a dry-mixing method with the
actual industrial production block machine. In other words, the mixes were prepared with water only sufficient to
produce a cohesive mix but with no slump/workability. The mixes were prepared in a factory machine using pressure
(in ratio of 20%) and vibration simultaneously until complete compaction was obtained. The blocks were de-moulded
immediately afterwards and cured in different type.

Curing process

In order to compare the effects of the curing process, the blocks were divided into three sets as following: Steam
cure: In this type of curing process, the blocks were cured at atmospheric pressure steam cure for 8 hours at 65 oC.
The relative humidity was 98%. One of the set of blocks was covered with plastic nylon, and the steam was supplied
by steam machine. The blocks were waited in the factory until test days as 3, 7, 28 and 90 days in closed area after
steam cure. Water cure: In another of the set was stored in water pool for 3, 7, 28 and 90 days. The temperature of
water was kept at 200C. The relative humidity was 100%. Wet cure: In last set, water at about 170C was sprayed
every 24 h for 7 days in a closed area. Then they were waited in air condition till experiment days as 3, 7, 28 and 90
days. The relative humidity was 65%.

Test Methods

Several tests were applied to determine the compressive strength, splitting strength, density, water absorption by
weight, specific porosity and abrasion resistance of the PCIB. All the results below are the average of three specimens.
The compressive strength and splitting tensile strength were defined according to TS EN 12390-3 (2010) and TS 2824
EN 1338 (2009) standards, respectively, by hydraulic compressive machine with a rate of loading controller. The
compressive strength was tested on specimens aged 3, 7, 28 and 90 days; however, splitting tensile strength of PCIBs
was tested on specimens aged 3, 7 and 28 days. The load was applied to the nominal area of paving blocks. The
compressive strength was calculated by dividing the failure load by the loading area of the PCIB. Density, specific
porosity and water absorption were determined on the produced paving blocks aged 28 days according to Archimedes
principle by the weight measurements of saturated specimens in air and in water, and dry weight (oven drying at
1050C to constant weight).
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PCIB specimens were subjected to abrasion testing at 28 days after casting according to TS 2824 EN 1338 standard.
Before testing, specimens were dried in an oven at 10515 oC until reaching a constant weight. 142.5 N loads were
applied to the specimens in the abrasion system. The length and diameter of disc was 70 and 200 mm, respectively. In
the test procedure, 1 | of corundum-crystalline powder was flowed between the disc and the specimen from powder
box, and the disc was rotated with a rotational velocity of 75 rpm for 1 min for each specimen. After that, the length
loss due to wear was measured from the three points on the specimens, and the averages of these measurements
were determined for each specimen. Also, fractured surfaces of PCIB chips were coated with gold in a vacuum
evaporator. They were examined using a LEO VP-1431 scanning electron microscope (SEM) to determine
morphological and mineralogical features.

Compressive strength

Evaluation of the experimental data, concerning the relation between compressive strength of PCIBs after stem-cure
and fly ash addition are presented in Figure 1 for pavement ages. Generally, the specimens cured in water at 90 ages
have higher compressive strength than that cured in steam for all FA contents. However, the compressive strength of
PCIBs cured in steam has higher values than that of cured in water and wet at the early ages when the wet and water
cure is more effective on compressive strength of specimens than steam curing at days later. From the strength
development dates, it can be noted that the wet and water cure process is better than steam after 28 days. In 90 days,
the loss of strength occurred at steam cured specimens because of some unstable forms in concrete microstructure.
This behavior is identical to normal concrete that cured in steam. After steam cure, the hydration forms probably have
developed by humidity at early ages. But, on increasing the hydration time, irregular distribution of hydrated cement
products could occur in the steam cured specimens due to the effect of high temperature in curing process.

Figure 1. Compressive strength of PCIBs (a: 3 days; b: 7 days; c: 28 days; d: 90 days). Source: self-elaboration.
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To illustrate, for 3 day, decrease of compressive strength are 1%, 11% and 27% for 10%, 20% and 30% fly ash
replacement, respectively. Moreover, for 28 day, increase in compressive strength is 10% for 10% fly ash content but
compressive strength is decrease 26% for 30%fly ash replacement in water-cure condition. Similar results are found
for wet-cure of PCIBs. The highest compressive strength is obtained in PCIBs with 10% fly ash ratio to increases 2% and
10% at 7 and 28 days in wet-cure condition. However, the compressive strength decreases when fly ash content is
increased over to 20%. The strength development of 3 aged PCIBs with fly ash content from 0 to 30% is 83%, 82%,
78% and 72%, respectively, when compared to strength of 28 aged specimens in steam-cure condition. It is 81%, 73%,
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72% and 74% for blocks that cured in pool cure condition; and is 84%, 74%, 79% and 80% for blocks that cured in wet
condition, respectively, as the same fly ash content.

In Figure 1, it is also indicated that the compressive strength of PCIB substantially decreased with the increase of fly
ash using ratio from 10% to 30%. The highest compressive strength values are obtained in 10% fly ash content for all
the curing process. The results demonstrate that fly ash content plays an important role on the strength of PCIBs. On
the other hand, it is evident that for a given fly ash ratio, wet cure leads to lower compressive strength value.
However, steam and water pool cure on the blocks causes an increase in compressive strength compared with wet
cure due to developing of the calcium-silicate-hydrate (C-S-H) gels in humidity. The loss of moisture in the capillary
pores due to evaporation or dissipated hydration may cause reduction in hydration resulting in lower strength.

The steam cured samples give higher compressive strength than wet cured samples of concrete (Mannan, Basri, Zain
& Islam, 2002; Toutanji and Bayasi, 1999; Aldea, Young, Wang & Shah, 2000). The most effectively curing type is steam
cure on PCIBs with the highest fly ash ratio. Because the hydration rate of cement increases with the increase in
temperature, the gain of strength can be speeded up by curing concrete in steam. Probably, this is due to that new C-
S-H gels occur with chemical reaction between the calcium hydroxide (CH) and silicates from fly ash. So, under the
high temperature and pressure, the chemistry of hydration is changed. C-S—H forms but is converted to a crystalline
product a-calcium silicate hydrate (a-C2SH) which resulted to reduce in strength. However, if the presence of silica, a-
C2SH is converted to tobermorite (C5S6H5) on continued heating thus increased strength can be obtained (Yazici,
2007). In this study, the silica was obtained from fly ash, especially, in series that including the 30% mineral admixture.

Splitting strength

When the effect of fly ash content on splitting strength of PCIB was considered, it can be noted that the splitting
strength of concretes showed a considerable decrease depending on increase of fly ash ratio from 0 to 30% (Figures
2.a-c) as similar to compressive strength. Though the PCIB possess the lowest strength in early ages, they have a
satisfactory strength enhancement rate with increase of curing time from 3 to 28 days. The splitting strength for all
block specimens increased with time regardless of fly ash using ratio. The range of development in strength of 3 aged
PCIBs with fly ash content from 0 to 30% is 71%, 64%, 72% and 63%, respectively, when compared to strength of 28
aged specimens in steam-cure condition. The enhancement in splitting strength after 3 days is 80%, 75%, 73% and
61% for blocks that cured in pool cure condition; and it is 89%, 79%, 80% and 61% for blocks that cured in wet
condition, respectively, as the same fly ash content. The curing process is important for the producers as soon as
possible due to effective use of production area. Therefore, blocks must be gained strength as soon as possible.
However, the ultimate strength is also important, too.

Figure 2. Splitting strength of PCIBs (a: 3 days; b: 7 days; c: 28 days). Source: self-elaboration.
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The splitting strength decreases as the fly ash ratio increases for each curing type. In splitting strength of PCIBs after
water pool-cure condition, the splitting strength is ranged between 4.2 and 3.8 MPa depending on fly ash using ratio
from 0 to 30% at 28 days. When the splitting strength of blocks cured in steam is changed from 4.92 to 3.5 MPa for
blocks cured; and it is changed from 4.06 to 3.61 MPa for blocks cured in wet condition at the same curing time
depending on fly ash content.
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As seen, the lowest splitting strength was obtained in PCIBs cured at wet condition at 28 days. This is because the
failure of these specimens occurred mainly at the partially weak interfacial zone between cement paste and
aggregate. In splitting test, failure of specimens occurs mainly at the weak interfacial zone between cement paste and
aggregate because of strength of normal aggregate greater than strength of bond (Uygunoglu et al., 2012; Atici and
Ersoy, 2008; Binici et al., 2008). It is well known from the literature that hydration products are occur densely in water
cure and steam cure than air or wet cure.

The abrasion resistance of PCIBs is strongly influenced by the stiffness, compressive strength, surface finishing
techniques, curing types, aggregate properties and testing conditions, i.e. dry or wet. The abrasion depths of PCIBs are
shown in Fig. 3 depending on curing type, curing age and fly ash content. The test results show that the abrasion
depth of the 28 aged PCIBs, produced in fly ash ratio of 0, 10, 20 and 30% was 21.4, 21.51, 21.28 and 21.4 mm,
respectively, after 75 rotations of disc in steam cure. For 28 aged PCIB with pool and wet cure, the abrasion length
ranged between 21.19-21.55 mm and between 21.5-23.3 mm, respectively, depending on mineral admixture ratio.
This means that the abrasion resistance of PCIBs cured in water pool and steam is better than that of the wet cure
condition regardless of fly ash ratio. This is based upon the fact that denser hydration products are obtained by water
and humidity when compared to periodical wet cure (Binici et al., 2007). Furthermore, it must be noted that 28 aged
specimens has higher wear resistance than 3 days aged blocks for all the curing type. The reduction in abrasion length
value of 28 days aged PCIBs after steam-cure is 4%, 10%, 11% and 13% for fly ash content when comparing the 3 days
aged specimens. However, the decrease in the abrasion length of blocks of those cured in the water-pool is 3%, 8%,
12% and 13%; and it was 7.4%, 10%, 13% and 12.4% for 28 days aged specimens that cured in wet condition when
compared to abrasion length of early age specimens. The highest amount of abrasion value is obtained at 3 days aged
blocks with 30% fly ash replacement at all the series.

Figure 3. Abrasion of PCIBs after steam-cure (a: 3 days; b: 7 days; c: 28 days; d: 90 days). Source: self-elaboration.
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When the effect of the curing type on the abrasion values of the block samples at 28 days was considered, it can be
noted that the of abrasion showed a considerable increase depending on the increase in the fly ash ratio from 0 to
30% for wet cure. However, on abrasion of pavement blocks that cured in steam and pool cure was not changed very
much when compared to depending on fly ash content. However, it can be seen that the best curing type is steam
cure for the lowest abrasion length.
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The unit weights of pavement blocks were measured at right after 28-day curing for all the curing types. The density of
blocks that cured in water-pool varies from 1038 to 1015 kg/m3. It was changed between 1013-981 kg/m3 and 1047-
1012 kg/m3 for pavement blocks that cured at steam and wet condition, respectively (Table 3). It is clearly seen that
the highest density is obtained at water-pool and wet cure condition, the lowest density is observed at steam cure
condition for all the fly ash replacement ratios. Water is the main cause of the degradation of building materials. It
penetrates into porous media, transports harmful substances and freezes inside. When a homogeneous porous
material has a constant hydraulic potential at its wet surface, liquid can reach the significant heights and depths due
to the absorption-ability (Hanzi¢ and Ili¢, 2003; De La Cruz et al., 2015). The variation of the water absorption of PCIBs
with fly ash ratio is presented in Figure 17 for all the different type of cure condition. The low absorption is also an
indication of good compaction achieved by the vibration. The water absorption increases with increasing fly ash
content for all the curing process. The results clearly indicate that fly ash content influences water absorption of
PCIBs. It is evident that for a given PCIB series, a lower fly ash replacement ratio leads to lower water absorption, due
to the pore structure densification. While the water absorption of PCIB samples with pool cure changed between
0.93% and 1.27%, it ranged between 1.12%-1.3% and 0.87%—1.23% for pavements that cured in steam and wet
condition, respectively. The highest water absorption values are observed on specimens cured in steam for each
series.

Table 3. Physical properties of concrete pavement blocks. Source: self-elaboration.

Curing type Fly ash ratio, % Specific prorsity, % Water absorption, % Unit weight, kg/m3
Wet cure 0 2,04 0,87 1047
10 2,38 0,99 1031
20 2,26 0,95 1034
30 3,17 1,23 1012
Steam cure 0 2,62 1,12 1013
10 2,61 1,12 981
20 2,94 1,28 1004
30 3,20 1,30 985
Pool cure 0 2,65 1,13 1038
10 2,95 1,27 1015
20 2,61 1,12 1016
30 2,45 0,93 1018

In general, the apparent porosity (AP) of each series increased with increasing mineral admixture (Table 4). Maximum
AP was obtained at 30% replacement ratios of fly ash with the Portland cement for all the curing types. The AP value
of control specimens was 2.5%, 2.6% and 2% for pool, steam and wet cure conditions, respectively. Increments of AP
of block specimens with 30% fly ash content was 21%, 23% and 55%, respectively, for the same curing process when
compared to AP value of the control specimens. When the curing type is considered, it can be clearly seen that the
highest AP values are obtained in PCIBs that cured at steam.

This is to be expected since the concrete members have more amorphous structure when they cured in steam by
rapidly than wet or water-pool cure. So, they have strong and high strength at the first time i.e. at the early ages due
to the formed hydration by humidity. But their strength is reduced by the time because of irregular distribution of
hydrated cement products. This phenomenon leads to increasing of specific porosity and water absorption. On the
other hand, slowly cured blocks have stable and therefore denser hydration products than that of steam cured
specimens at forward ages. Nevertheless, they have low water absorption and specific porosity values when compare
to pavement block values in literature. For example, Garcia et al. (2008) studied the six different experimental
pavements with different types of concrete surface finishes include hand finishing, repeated power finishing without
spreading dry-shaking hardeners on the concrete and spreading chippings of iron filings, corundum, quartz and
cement on it. The water absorption of pavements is ranged from 8.65% to 10.48% depending on surface finishing
type. Lam et al. (2007) produced to concrete paving blocks with recycled crushed glass (RCG) as an aggregate using the
optimal mix proportion, and the corresponding mechanical properties were determined. The experimental findings
showed that the pavement blocks have water absorption values that ranged from 2.8% to 5.4% depending on mix

type.
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The back scattered electron images of the fractured surface of hardened pavement chips are presented in Fig. 4. The
densest structure was observed in the water curing at 20°C compared with other curing types. The hardened structure
produced by the wet curing was more porous than that produced by the steam and water curing. This suggests that
the hardened structure produced by the steam curing was changed by dehydration of it. Aggregated structures of
well-crystallized calcium silicate hydrate which be xonotlite and those of small-sized platy crystals which may be
gehlenite hydrate were also observed in the structure of steam cured pavement chips. Although structures similar to
the structures produced by the wet curing were observed in the water curing, the size of hydrate was generally
smaller and the morphology of crystalline calcium silicate hydrate, which seems to be tobermorite, was slightly

different from those produced by the water curing.
Figure 4. Microstructure of PCIB cured at different conditions (a: in water; b: steam cure; c: wet cure). Source: self-elaboration.
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In this paper, the curing factors affecting the properties of concrete blocks were investigated and the results can be

summarized as follows:

e |n general, the compressive strength decreased with an increase in fly ash using ratio. The highest compressive
strength values are obtained in 10% fly ash content for all the curing process. However, cure condition results
change sharply after the 20% and 30% fly ash ratio. The compressive strength values of PCIBs are changed
between 23 and 34 MPa depending on curing process and fly ash ratio at 28 days.

e The splitting strength also decreases as the fly ash ratio increases for each curing type as similar to compressive
strength. In splitting strength of PCIBs, it is ranged between 4.9 and 3.5 MPa at 28 days depending on fly ash using
ratio from 0 to 30% and different curing application. While the lowest splitting strength was obtained in PCIBs
cured at wet condition, the highest strength values are obtained that cured at steam for the same pavement ages.

e The abrasion resistance of the blocks was affected by the fly ash ratio. When the fly ash ratio was 30%, the
abrasion resistance was marginal. On the other hand, the best curing type is steam cure for the highest abrasion
resistance.

e Due to slowly curing process of wet and water-pool conditions stable hydration products occurred in PCIBs, and
therefore lower specific porosity and water absorption was obtained than PCIBs with steam cure at forward ages.
Nevertheless, they have low water absorption and specific porosity values when compare to pavement block
values in literature.

e Curing process plays a significant role in hydration of cement and thus cured strength of pavement blocks. When
mechanical properties such as compressive strength, splitting strength and abrasion resistance of 28 days aged
PCIBs was considered, it was obtained that the best curing type is steam. It also provides the early strength
development and usage of the storage areas effectively for producers.

As a result, to make use of recycled materials to produce eco-friendly concrete blocks with good quality, it is

recommended to prepare the blocks with 10% recycled fly ash and 90% Portland cement with steam cure process.
Pavement blocks with fly ash can be gained higher strength than traditional pavement blocks by steam curing process.
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