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Abstract: In this study, properties of self-compacting concretes (SCCs) containing acidic and basic pumice (AP-BP)
was investigated. SCCs incorporating AP-BP (SCCAs-SCCBs) were produced with constant slump flow diameter of
720 + 20 mm and 690 + 20 mm by adjusting superplasticizer (SP), respectively. Control mixture was designed with
totally crushed stone aggregate. SCCAs and SCCBs could be produced up to 100% coarse AP with 20% increments and
60% coarse BP with 10% increments, respectively, to ensure the desired limit values for SCC. Firstly, fresh properties
of SCCs were determined. Then, the mechanical and durability properties of SCCs were measured at 28 and 56 days.
Test results indicated that workability properties of SCCAs are markedly higher than that of SCCBs. Additionally,
mechanical and durability performances of SCCs decreased with increasing of AP and BP. The compressive strengths
of SCCs containing 60% AP and BP decreased approximately 28-29% and 22-24%, compared to the control mixture,
respectively. Similarly, modulus of elasticity of same mixtures decreased around 35-39% and 17-19%, respectively.
However, all results indicated that SCCs produced with AP and BP provided the available limits in the design of SCC.
Additionally, SCCBs exhibited higher performance than SCCAs in terms of hardened properties. Moreover, high
correlation coefficients (R” > 0.89) between the durability and mechanical properties were found for SCCs.

Keywords: self-compacting concrete, acidic pumice, basic pumice, physico-mechanical and durability properties,
correlation

1. Introduction

Self-compacting concrete (SCC) is an innovative and indispensable concrete type which capable of filling up the
formwork, providing better compaction, passing-ability in restricted and confined areas without segregation or bleeding
by self-weight thanks to its high workability. Therefore, SCC provides reduction in the labor cost because of no need
vibration and gaining time [1-3].

Water/binder (w/b) ratio and the quantity of coarse aggregate used in the SCC are lower than those of conventional
concrete. Therefore, in order to avoid the addition of a large quantity of cement, SCCs contain alternative cementitious
minerals such as silica fume, metakaolin, fly ash (FA), blast furnace slag, lime powder, natural pozzolan and
nanoparticles. These minerals can prevent separation of the larger particles in the fresh mixture and gain additional
strength by pozzolanic reaction in the hardened state [4-7]. However, the workability, the main design parameter of
SCC, can be improved by the incorporation of FA with spherical shape [8]. Due to storage problems of FA, it causes
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great damage to the environment by pollution of air and water. Turkey has 11 thermal power plants and these plants burn
annually 50 million tons of lignite coal. Approximately 12 million tons/year of FA obtained from coal are left in the
natural environment as waste [9]. Less than 1% of the FA from thermal power plants in Turkey can be used in building
applications. By 2020, 50 million tonnes of waste ash is expected to occur annually in thermal power plants [9, 10].
However, despite of the storage issues of FA, it has been utilized in the limited area of construction industry. The use of
FA in the production of concrete is extremely important due to environmental effect as well as the sustainable concrete
development [11].

SCCs cause more lateral loads to the structures and increase the dead load of the structures during the earthquake.
Therefore, utilization of lightweight aggregates (LWAs) in the production of concrete provides significant benefits
such as reducing dead loads and formwork pressure, increasing the resistance to earthquake thanks to the reduction
of the self-weight of the structures [11, 12]. Moreover, not only the problem of segregation of LWAs can prevent but
also the workability property of SCC can be improved by LWA [13]. The natural LWAs can be exemplified as pumice,
diatomite, perlite, vermiculite, pozzolan, tuff, volcanic cinder, scoria, bottom ash and oil palm shell. Moreover, artificial
lightweight aggregates such as clay, expanded clay, slag, slate and shale are produced via special process [11, 14].
In recent years, there has been focused on usage of pumice aggregates (PAs) as the most popular natural lightweight
aggregate in the producing of lightweight concretes in Turkey [15]. Pumice is a material of volcanic origin and
occurs naturally. Moreover, pumice occurs as a result of the disentanglement of gases in the course of the formation
of lava. While total pumice reserve of the world is around 18 billion m’, total pumice reserve of Turkey is around 7.4
billion m’ [16]. Specific structure of pumice has been consisted by air voids or bubbles when gases in molten lava are
trapped during cooling [17]. Therefore, pumice ensures significant advantages such as high sound and heat insulation
property and low weight by the way of continuous and discontinuous porous structure [18, 19]. In addition, pumice is
characterized a high porosity and a low elasticity modulus [20]. Two types of pumices are formed as a result of volcanic
activities; acidic pumice (AP) and basic pumice (BP). Basic pumice can also be termed as basaltic pumice or scoria [21].
Acidic pumice with white and off-white color has a hardness of 5-6 according to Mohs scale and a density of 0.5-1g/
cm’. The BP has a hardness of 5-6 and a density of 1-2 g/cm’ and it can be dark and brownish blackish colored [21, 22].
Additionally, AP has lower rough surface with respect to BP [23, 24].

When the previous studies are examined, Degirmenci and Yilmaz [25] reported 75% and 60.7% decrease at 28
days for compressive and flexural strengths of mortar including 100% pumice in the dimensions of 0-4 mm compared
to the control mixture, respectively. Karakoc¢ et al. [26] showed that compressive strength, ultrasonic pulse velocity
and relative dynamic modulus of elasticity of high strength concretes were reduced with the increasing ratios of PA
(in 0-2 mm grain size). Moreover, for the same study [26], at the end of 300 freezing and thawing cycles, porosity
was increased up to 12% for high strength concrete incorporating PA. Gokee et al. [27] stated that lightweight reactive
powder concrete can be developed with including pumice as fine aggregate (size 0-1 mm) with the compressive strength
of 69 and 176 MPa. Kabay et al. [28] determined lower mechanical performance of concretes incorporating 50% and
100% pumice (size 1-4 mm). Hossain et al. [18] observed 28%, 27% and 30% reduction at 28 days for compressive
strength, modulus of elasticity and tensile strength with including pumice (size 0.15-4.75 mm), respectively. However,
Kaffetzakis and Papanicolaou [29] reported that SCC with pumice considerably increased bond strength. Minapu et
al. [30] indicated that the compressive, tensile and flexural strengths of concretes designed with 10%-50% pumice
decreased 5%-22%, 9%-35% and 10%-53%, respectively. Similarly, Kashyap and Sasikala [31] determined that the
compressive strength of concretes incorporating pumice in the range of 10% and 40% reduced between 9%-21% at 28
days. Hossain et al. [18] determined that mechanical performance of the concrete decreased and drying shrinkage of
the concrete increased with increase in coarse lightweight volcanic PA ratio used instead of coarse gravel aggregate.
Pravallika and Rao [32] observed reduction in the range of 7%-47% and 1%-48% at 7 and 28 days for compressive
of concretes containing 10%-50% pumice. Splitting tensile strength decreased by 9%-35% and 5%-33% at 7 and 28
days, respectively. The reduction in the 7 and 28 days flexural strength was 3%-31% and 0.61%-30.36%, respectively.
Additionally, Sancak et al. [33], Parhizkar et al. [34], Degirmenci and Yilmaz [25] and Kurt et al. [35, 36] observed
higher water absorption of concrete incorporating pumice compared to control concrete.

Considering the effect of pumice aggregate on characteristics of self-compacting lightweight concrete (SCLC),
Gonen and Yazicioglu [37] showed that SCLC incorporating perlite had lower compressive strength than that of SCLC
designed with BP at 28 days. On the other hand, compressive strengths per unit weight of SCLCs are higher than those
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of SCCs without LWA. Kadiroglu [38] indicated that compressive, splitting tensile and flexural strength values of SCC
along with crushed stone aggregate is higher than that of SCLC incorporating PA in the ratios of approximately 68%,
16% and 30%, respectively. Also, it was determined that, the water absorption rates of SCLCs are considerably higher
than those of normal weight concrete. Additionally, Topcu and Uygunoglu [39] reported that SCLC with LWAs (PA,
volcanic tuff and diatomite) having lower unit weight has lower physical and mechanical properties. In addition to these
properties, apparent porosity and water absorption values of SCC increased with increase in LWAsS.

As evidenced by previous studies, there are some studies on the PA usage as LWA in the SCC. These studies are
usually focused on the workability or mechanical performances of SCLC incorporating AP. In addition, the comparative
effect of AP and BP on the workability, mechanical and durability properties of SCC has not been investigated. This
study has been presented the test results obtained from the effects of two types of PA on the workability, mechanical and
durability performances of SCC. Moreover, the manufacture of lightweight concrete is in most countries an extremely
mechanized industry depending on excellent accuracy and automation. This manufacture has to match strict standards
that describe properties determined for the products. These may include denotations on strength, sizes, insulating
properties, weather resistance and fire resistance. PA can be utilized as lightweight aggregates in concrete that meets all
these requirements [15].

In the view of literature reviews, it was investigated the physico-mechanical performances of SCC designed with
coarse AP and BP. Therefore, at first, the main design parameters such as the w/b and replacement ratio of AP and
BP with crushed stone aggregate were determined to obtain the desired workability limitations of SCC. After that,
control mixture (SCC-C) was produced with crushed stone aggregate without AP and BP. Self-compacting concrete
incorporating AP (SCCA) and self-compacting concrete incorporating BP (SCCB) were produced by using AP in the
ratios of 20%, 40%, 60%, 80% and 100% and BP in the ratios of 20%, 30%, 40%, 50% and 60% instead of the crushed
stone, respectively. Therefore, a total of 11 SCC mixes were produced by using LWAs. Finally, compressive, splitting
tensile and flexural strengths, modulus of elasticity, water sorptivity, water permeability and rapid chloride permeability
tests were applied at 28 and 56 days, respectively.

2. Material and methods
2.1 Cement, FA and SP

Ordinary Portland cement (CEM I 42.5R similar to ASTM I type cement) and Class F FA as a second binder
material was used in all SCCs. 20% Class F FA was added to the all mixtures instead of cement. Physical properties and
chemical compositions of cement and FA used in the design of SCCs are listed in Table 1. Superplasticizer (SP) was
utilized to reach the desired workability. Specific gravity of polycarboxylic ether type SP is 1.07.

Table 1. Physical properties and chemical compositions of cement and FA

Chemical Analysis (%) Cement FA
CaO 62.58 2.24
SiO, 20.25 572
AlLO, 5.31 24.4
Fe,0, 4.04 7.1
MgO 2.82 2.4
SO, 2.73 0.29
K,0 0.92 3.37
Na,0 0.22 0.38
Loss of Ignition 2.96 1.52
Specific Gravity 3.15 2.04
Blaine Fineness (m?/kg) 326 379
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2.2 Aggregates

In this study, while crushed sand and natural sand were utilized as fine aggregate, crushed stone and pumice were
used as coarse aggregate. The natural sand from river was utilized to increase the workability of SCC because of natural
process of attrition tends to possess better smoother surface texture and shape. It also carries moisture that is trapped in
between the particles. Crushed sand with angular, rough surface structure and low grain size (0-2 mm) was used to meet
the strength and durability requirement of SCC. AP and BP aggregates were used instead of crushed stone aggregate
separably 4-8 mm and 8-16 mm grain sizes. Specific gravity values of crushed sand, natural sand, crushed stone, (4-
8) AP, (8-16) AP, (4-8) BP and (8-16) BP aggregates were determined as 2.67, 2.63, 2.65, 1.15, 0.99, 2.17 and 2.09,
respectively. Additionally, Figure 1 shows views of AP and BP, and Figure 2 presents SEM analysis results of AP and
BP. Figure 2 indicated that AP has lower rough surface and higher porous structure than that of BP. According to ASTM
C127 [40] water absorption capacity of AP in the 4-8 mm and 8-16 mm grain size was determined as 47.6% and 33.2%
respectively. However, water absorption capacity of BP in the 4-8 mm and 8-16 mm grain size was measured as 9.42%
and 8.15%, respectively. The high water absorption capacity of the AP can be explained with its high void ratio shown
in Figure 2.
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Figure 2. SEM view of (a) AP, (b) BP

2.3 Concrete mixture proportioning, casting

The batching and mixing procedure of SCCs was performed with respect to ASTM C192 / C192M [41] Mixture
ratios of SCCs is given in Table 2. A total of 11 SCC mixes were produced to investigate the effects of AP and BP on
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the mechanical and durability properties of SCC. SCCs were produced along with total binder content (80% cement and
20% FA) of 550 kg/m’ and constant water/binder ratio (0.32). The process of replacement in the SCCA was conducted
in volume fractions from 20% to 100% at 20% increments. And then, the process of replacement in the SCCB was
conducted in volume fractions from 20% to 60% at 10% increments in order to obtain EFNARC limitations for the
desired workability [42]. Before mixing, because of the high water absorption of AP and BP (particularly AP), they were
submerged in water throughout 24 hours to ensure adequate saturation and then by wiping with the aid of the towel
before the mixing to make the pumice saturated surface dry condition. Control mixture of SCC (SCC-C) was prepared
with 100% crushed aggregates. In this study, the mixture codes were identified in accordance with the content and type
of pumice in mixture composition. For example, SCCA20 and SCCB20 are self-compacting concrete incorporating 20%
AP and self-compacting concrete incorporating 20% BP, respectively.

Table 2. Mixture ratios of SCCs (kg/m’)

Coarse Aggregate Fine Aggregate
Code Water/Binder ~ Binder Crushed Stone Pumice Crushed Sand ~ Natural Sand SP
4-16 mm 4-8 mm 8-16 mm 0-2 mm 0-4 mm

SCC-C 0.32 550 822 0 0 244.7 579.8 7.50
SCCA20 0.32 550 657.6 35.7 30.70 244.7 579.8 6.61
SSCA40 0.32 550 493.2 71.3 61.4 244.7 579.8 5.00
SCCA60 0.32 550 328.8 107 92.1 244.7 579.8 4.64
SCCAS80 0.32 550 164.4 142.7 112.8 244.7 579.8 4.14
SSCA100 0.32 550 0 178.4 153.5 244.7 579.8 3.93
SCCB20 0.32 550 657.6 67.3 64.8 244.7 579.8 6.96
SCCB30 0.32 550 575.4 101 972 244.7 579.8 6.43
SCCB40 0.32 550 493.2 134.6 129.7 244.7 579.8 6.07
SCCBS50 0.32 550 411 168.3 162.1 244.7 579.8 5.71
SCCB60 0.32 550 328.8 201.9 194.5 244.7 579.8 5.36

2.4 Mechanical tests

Compressive strengths of SCCs were identified using cubic samples in dimensions of 150 mm with respect to
ASTM (39 [43]. Splitting tensile strength was determined using cylindrical specimens in dimensions of 100x200 mm’
according to ASTM C496 [44]. Beam specimens in dimensions of 100x100x400 mm’ were utilized to measure flexural
strength values of SCCs according to ASTM C293 / C293M-10 [45]. Static modulus of elasticity test was measured with
respect to ASTM C469 [46]. The samples were loaded three times up to 40% of the final compressive load identified
on the compressive test. Readings for each cube were calculated by taking the average of the results obtained from the
samples at each testing age. These four basic mechanical properties were identified by calculating the average of the
values measured from 3 specimens.

2.5 Durability tests

Water sorptivity coefficient was determined on @100x50 mm’ cylinder specimens cut from @100%200 mm’
cylinders. Before the tests, the samples were dried at 100 + 5°C through an oven till they achieved the fixed mass.
During the test, the concrete surface was left in contact with water. The test was applied to SCC mixtures at 28 and 56
days, respectively.

TS EN 12390-8 [47] was implemented to determine the water penetration depth of SCCs at 28 and 56 days. For this
reason, the bottom side of the specimen was subject to a 500 + 50 kPa water pressure for 72 hrs. The cube specimens
were cut into the middle section and the maximum water penetration depth was determined as mm. According to TS
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EN 12390-8 [47], the maximum water penetration depth of concrete should not exceed 50 mm so that it is said to be
resistant to chemical attack of concrete. If the concrete will be exposed to aggressive condition, the maximum water
penetration depth of concrete should not exceed 30 mm with respect to TS EN 12390-8 [47].

An experimental setup with respect to the ASTM C1202 [48] was followed to measure the impedance of SCCs
against chloride ion permeability. Chloride ion permeability was determined on @100x50 mm cylinder specimens
cut from @¥100x200 mm cylinders. To prevent evaporation of water from the saturated sample, the vacuum-saturation
procedure was applied through 2 hours and then, paraffin was implemented onto the lateral surface of the samples. The
samples were located in a test cell. The current passing through the specimens was measured over a 6 hours period. 5
classes from ‘Negligible’ to ‘High” were categorized according to ASTM C1202 [48] depending on total coulomb value.

3. Results and discussions
3.1 Fresh properties

SCCAs and SCCBs were designed to acquire a slump flow diameter of 720 + 20 mm and 690 + 20 mm by adjusting
the quantity of SP, respectively [42]. AP was improved the workability of SCCs by decreasing of T500 slump time and
V-funnel flow time as well as increasing of slump flow and L-box height-ratio [24]. The main reason for the increase
workability of AP is low unit weight. Additionally, the SP ratio was reduced as the BP rate increased to provide the same
slump flow range in all SCC mixes. However, BP could be used up to 60% to provide the EFNARC limit values [42].
Therefore, for same mixture ratios, SCCBs has lower workability than the SCCAs. Moreover, SCCs incorporating BP
lead to increase T500 time and V-funnel flow time and to decrease slump flow and L-box height-ratio with decreasing
SP [23]. Fresh concrete properties provided the EFNARC limitations [42]. The fresh properties of SCCs incorporating
AP and BP are given in Table 3. Designed concretes were produced in accordance with the SF2 class (660-750 mm
slump flow diameter) specified in EFNARC [42].

Table 3. Experimental results of fresh concrete

Code Number Tso time Slump flow diameter V-funnel flow time  L-box height-ratio

S mm S h,/h,

SCC-C 3.53 700 17.02 0.85
SCCA20 3.51 710 15.70 0.87
SSCA40 3.31 720 14.49 0.88
SCCA60 2.87 720 11.47 0.91
SCCAS80 2.67 730 10.24 0.94
SSCA100 2.29 730 08.53 0.96
SCCB20 3.54 700 18.25 0.84
SCCB30 3.67 695 19.42 0.84
SCCB40 3.86 680 20.04 0.83
SCCB50 4.01 670 21.17 0.82
SCCB60 421 670 23.00 0.80

3.2 Compressive strength and modulus of elasticity

Compressive strength and modulus of elasticity results of SCCs are presented graphically in Figure 3 and Figure
4, respectively. Maximum compressive strength of SCC mixtures was obtained from control concrete (SCC-C) for both
ages. However, compressive strength was reduced as the replacement ratio of pumice was increased. The attenuation
ratio for compressive strength was obtained as 9.6%, 19.2%, 28.4%, 40.2% and 54.3% for SCCA20, SCCA40,
SCCA60, SCCA80, SCCA100 compared to control mixture at 28 days, respectively. Additionally, these mixtures had
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a decrease in the ranges of 9.9% 19.2%, 28.7%, 38.9% and 50.5% compared to SCC-C for the compressive strength
at 56 days, respectively. Adding BP to mixes, similarly, reduced compressive strength of mixtures. The compressive
strength values of the SCCB60 mixture decreased to 22.9% and 23.5% at 28 and 56 days, respectively. However, for the
same replacement ratios, the compressive strengths of SCCAs were lower than those of SCCBs. For example, while the
compressive strength values of the SCCA20 was found as 60 MPa and 67.4 MPa, the compressive strength values of the
SCCB20 mixture was 63.6 MPa and 70.4 MPa at 28 and 56 days, respectively.

The modulus of elasticity of concrete varies depending on the type of aggregates, the volume of the cement, the
hydrated cement matrix and the water/binder ratio [39, 49]. Therefore, the modulus of elasticity of SCC varied with
increased amount of AP and BP. For example, modulus of elasticity for SCC-C, SCCA60 and SCCB60 mixtures
were determined as 35.1 GPa, 21.4 GPa and 28.4 GPa at 28 days, and 37.7 GPa, 24.7 GPa and 31.1 GPa at 56 days,
respectively. According to these results, modulus of elasticity values of the SCCAs is lower than that of SCCBs.

ESCC-C at 28 days B SCC-C at 56 days & SCCAs at 28 days
SCCAs at 56 days O SCCBs at 28 days & SCCBs at 56 days

Compressive strenght (MPa)

0 20 30 40 50 60 80 100
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Figure 3. Compressive strength of SCCs at 28 and 56 days
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Figure 4. Modulus of elasticity of SCCs at 28 and 56 days

According to the compressive strength and modulus of elasticity test results, the mechanical performance of the
SCCs decreased with increased amount of AP and BP. Similarly, Rao et al. [50] determined 30%, 52%, 56%, 68% and
76% decrease at 28 days for compressive strength of concretes containing 20%, 40%, 60%, 80% and 100% pumice
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as coarse aggregate substitution, respectively. Desai et al. [51] and Sivalingarao et al. [52] reported aproximately 17-
13%, 46-30%, 61-57% and 69-61% decrease at 28 days for compressive strength of concretes incorporating 25%,
50%, 75% and 100% pumice as coarse aggregate substitution, respectively. Literature studies [16, 53-55] indicated
that compressive strength of concretes reduced with including pumice. Other studies [18, 55, 57] demonstrated that
the modulus of elasticity of concrete decreased with including of pumice. Reductions in the compressive strength
and modulus of elasticity values at 28 and 56 days might be due to the weak structure (porous structure ranged from
completely open to completely closed) of PAs [16, 18, 26, 39]. Moreover, an explanation for lower compressive
strength and modulus of elasticity of the SCCs incorporating PAs may be determined in the microstructure variation
of the SCC. The capillary pores in the SCC will be changed on a large scale by null pores that are the residuals of the
saturated PA (particularly AP) [26]. However, the test results indicated that SCCs incorporating BP were obtained
better results in terms of these two tests with respect to SCCs incorporating AP. It is known that compressive strength
changes depending on the density [26]. For example, many researches [18, 26, 37, 38] indicated that compressive
strength decreased due to the density reduced with increasing the usage ratio of LWA in place of the normal aggregate.
Therefore, this situation can be connected to fact that BP has higher density with respect to AP.

3.3 Splitting tensile strength

Splitting tensile strength values of SCCs are plotted in Figure 5. Minimum splitting tensile strengths of SCCs
was given from SCCA100 mixture at 28 and 56 days. As a result of comparisons between SCC-C and SCCA100, it
was observed a reduction in the proportions of 38.7% and 31.4% at 28 and 56 days, respectively. However, the range
of splitting tensile strength varied from 4.05 MPa to 5.08 MPa at 28 days and from 4.5 MPa to 5.5 MPa at 56 days,
depending on increased BP ratio. Similarly, Rajeswari and Sunilaa [54] observed that splitting tensile strength of
concretes incorporating 50%, 60% and 70% pumice reduced. In other study, Rao et al. [50] indicated that splitting
tensile strength of concretes designed with 20%, 40%, 60%, 80% and 100% pumice decreased 22%, 39%, 56%, 58%
and 65%, respectively. Gesoglu et al. [58] demonstrated that splitting tensile strength of SCCs decreased with increased
LWAs due to the strength limitations of LWAs. It can be also clearly seen that for the same mixture ratios, the effect on
splitting tensile strengths of SCCs incorporating BP is higher than those of SCCAs. The effect of strength performances
of cement paste increases depending on increasing aggregate density. In addition to strength performances of concrete
containing LWA or varying aggregate types, other performance properties of concrete can be also determined by the
aggregate properties [39]. The study prepared by Andi¢-Cakir and Hizal [59] indicated that the splitting tensile strengths
of concretes are depended on the aggregate density used in the mixture. Additionally, failure of SCCAs can be attributed
to the poor interfacial zone between cement paste and AP. The main reason for this is the high void ratio of the AP.
At the same time, it is estimated that there are stronger bonds between cement matrix and BP for SCCBs. This can be
explained with the fact that BP contains much less void than AP [39].
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Figure 5. Splitting tensile strength of SCCs at 28 and 56 days
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3.4 Flexural strength

The graphical presentation of flexural strength data of SCCs were presented in Figure 6. The flexural strength of
SCC-Cis 1.1, 1.2,1.3, 1.4, 1.5 (for 28 days) and 1.1, 1.2, 1.3, 1.4, 1.4 (for 56 days) times higher than those of the SCCs
incorporating 20%, 40%, 60%, 80% and 100% of AP, respectively. Therefore, flexural strength of SCCs reduced with
including AP. Hariyadi and Tamai [55] reported that the 28 days flexural strength of concretes incorporating 50% and
100% pumice coarse aggregate reduced up to 13% and 33%, respectively. In other study, Kili¢ et al. [60] determined
around 58% decrease in the 28 days flexural strength of concretes incorporating fine and coarse pumice aggregates
compared to the control. Additionally, when LWAs such as AP was used in place of any material having high density
such as crushed stone, weaker bonds occured between AP and cement paste [61]. Similarly to the results of SCCAs,
comparative results of SCCB60 and SCC-C indicated that there was a decrease of 19.3% and 19.2% at 28 and 56 days,
respectively. When same replacement ratios were considered, flexural strength of SCCA60 were determined as 5.1 MPa
and 5.78 MPa for 28 and 56 days, however, flexural strength of SCCB60 is higher 7.3% and 1.7% than these values,
respectively. It can be explained that interlocking between PA and cement matrix is better for BP than AP due to the sur-
face of BP is more roughly than that of AP as seen in Figure 2 [39].

3.5 Water sorptivity and water permeability

Figure 7 and Figure 8 present the variation in the sorptivity coefficient and water penetration depth of SCCs at 28
and 56 days, respectively. The test data demonstrated that sorptivity coefficient increased with the increase of pumice
amount. Sorptivity coefficients were measured as 0.0775 mm/min”’ and 0.0584 mm/min®’ for SCC-C, 0.1205 mm/
min®® and 0.1008 mm/min"’ for SCCA60 and 0.0957 mm/min”’ and 0.078 mm/min”® for SCCB60 at 28 and 56 days,
respectively. According to these results, sorptivity coefficient of SCCAs was higher than that of SCCBs.

Water permeability test measures the depth of water penetration into concrete as a result of differential pressure.
According to test results, water penetration depth increased depending on the increase of pumice amount used in
the SCCAs and SCCBs. Similarly, Hossain et al. [18] noted the decrease ratios of 5.4%, 10.81% and 18.92% in the
12 weeks water permeability of concretes incorporating 50%, 75% and 100% pumice aggregate as coarse aggregate
substitution. Water penetration depth of SCC-C was found as 19.2 mm and 15.2 mm, however, SCCA60 had a water
penetration depth of 38.4 mm and 30.1 mm in comparison with SCCB60 having a water penetration depth of 28.6 mm
and 22.1 mm at 28 and 56 days, respectively. As seen in Figure 7, while all SCCs are resistant to chemical attack due to
having water penetration depth of less than 50 mm, however, SCC-C, SCCBs and SCCA20, SCCA40 (for only 56 days)
were resistant to aggressive media at 28 and 56 days [47].
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Figure 6. Flexural strength of SCCs at 28 and 56 days
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The porous structure of the aggregates plays a major role on durability of concrete [26, 39, 62]. This situation is
supported by SEM analysis of AP and BP shown in Figure 2. In this figure, it can be seen that, AP has higher porous
structure and lower rough surface than those of BP. Therefore, durability properties of SCCBs are better than those of
SCCAs. Moreover, it can be expressed the water absorption capacity of AP and BP was higher than that of crushed
stone aggregate as well as the porous structure [37]. Test results indicated that adherence of SCC with AP due to its high
porous structure and low rough surface was fairly weak in comparison to SCC incorporating BP.
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Figure 7. Water sorptivity coefficients of SCCs at 28 and 56 days
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Figure 8. Water penetration depth of SCCs at 28 and 56 days

3.6 Rapid chloride permeability

The resistance chloride ion penetration of concrete is expressed as the total charged passed in Coulombs-C.
According to chloride ion penetrability expressed in ASTM C1202 [48], the total charge passed through SCCAs and
SCCBs was presented graphically in Figure 9. As shown in Figure 9, chloride-ion permeability increased along with
the increment of AP and BP at 28 and 56 days. Considering the experimental study at 28 days, the total charge passed
through for SCCs were determined in the range of 2000-3500 C for SCCAs and 2000-3000 C for SCCBs. Therefore,
according to ASTM C1202 [48], all SCCs have moderate chlorine ion permeability for 28 days. However, because of

Green Building & Construction Economics 30 | Hatice Oznur Oz, et al.



reduction void ratio of the samples with longer curing times, the 56 days values of SCC mixtures provided low chloride
ion permeability in terms of ASTM C1202 [48]. The poor performance in terms of chloride ion permeability can be
depend upon the poor and weak quality due to porous micro and macro structures of AP and BP aggregates. Compared
with SCCAs and SCCBs, chloride ion permeability of SCCBs was closer to SCC-C due to porous structure of BP is
lower than that of AP. According to rapid chlorine permeability test results, all SCCs can be considered as a preventive
element for structures having chlorine attack risk. In addition, it is known that rapid chloride permeability test less
dependent on the ionic composition of pore solution and more on its porosity and pore tortuosity [63]. It is considered
that the presence in the pore system of AP and BP aggregates, have been affected negatively the formality of the pore
network tortuosity of SCC with their rough and hollow structure.
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Figure 9. Charge passed (Coulombs) of SCCs at 28 and 56 days

3.7 Relationships between the properties of SCCs

Correlation (relationship) of test results is one of the leading methods among the researchers for evaluation of
the reported experimental data. Theoretically, the main factor governing the mechanical and durability properties of
concrete / SCC are the pore structure of the matrix, the relative volume fractions of matrix and aggregate, and the
quality of interfacial transition zone. Occasionally researchers present the relation between different transport properties
to underline and significantly state the strength and durability properties of the concretes [55, 64-68]. In the current
paper, relationships between modulus of elasticity, flexural strength, splitting tensile strength, charge passed, water
penetration depth, water sorptivity coefficient with the compressive strength were presented Figure 10 for 28 and 56
days. According to analysis results, high correlations values between durability and other mechanical properties with
compressive strength of SCCs were found. As seen in Figure 10, since R” > 0.90, all the correlation relations were
determined as the linear fit. In addition, order to determine the relationship between the mechanical properties of SCCs,
elasticity modulus-flexural strength, elasticity modulus-splitting tensile strength and flexural strength-splitting tensile
strength graphs were given in Figure 11 for 28 and 56 days. In these three graphs, the correlation coefficient was found
to be higher than 0.89 at 28 and 56 days. The relationships between the durability properties mentioned in the study
were also examined and the results were shown in Figure 11. Correlation coefficients indicated that the durability
characteristics of SCCs were highly relationship (> 0.91) with each other.

4. Conclusions

In this study, the effects of AP and BP on mechanical and durability performances of SCCs were investigated.
According to these tests data, the following statement can be drawn;
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The workability of SCCs was improved by using PA. However, BP could be used up to 60% of replacement ratio
in order to obtain the desired workability limitations ratio for SCC.

The compressive strength, modulus of elasticity, splitting-tensile strength and flexural strength of SCC containing
100% AP compared to the control mixture reduced in the ranges of 50-55%, 61-67%, 31-38% and 28-33%, respectively.
The same properties of SCC containing 60% BP in comparison with the control mixture decreased in the ranges of 22-
24%, 17-19%, 16-20% and 19-20%, respectively. PA and the cement matrix was quite low due to the weak character of
the pumice. Additionally, considering same mixture proportions, it was demonstrated that reduction in the mechanical
performances of SCCBs is lower than those of SCCAs. This situation, it can be attributed that density of BP is higher
than that of AP.

Durability properties of SCCs deteriorated with increment amount of pumice used in the mixture. However, these
values of SCCAs are higher than those of SCCBs because of the high porous structure and low rough surface of AP
supported by SEM analysis.

Finally, high relationships between durability properties and other mechanical properties with compressive strength
of SCCs were determined. In addition, the mechanical performances and durability performances of SCCs were
correlated with each other. The fact that the lowest correlation coefficient was more than 0.89 showed that the findings
of the study were quite meaningful.

The role of AP and BP in SCC could be explored more comprehensively by performing scanning electron
microscopy (SEM) and mercury industry porosimetry (MIP) analyses on SCCs. Thus, this study could be enriched in
microstructural terms. This situation can be considered as the shortage of current research.
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Figure 10. Correlation relations between durability and other mechanical properties with compressive strength
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