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A B S T R A C T   

High-strength self-compacting concrete (HSSCC), which has superior workability and filling 
ability compared to conventional concrete, is increasingly used in modern densely reinforced 
structures in the construction industry. However, HSSCC is more costly to produce than con
ventional concrete and can result in higher carbon emissions due to higher cement usage. On 6 
February 2023, the devastating Kahramanmaraş earthquakes in Türkiye created a serious envi
ronmental problem. In this context, recycling and utilizing construction demolition waste (CDW), 
which creates a serious environmental problem after devastating earthquakes and urban trans
formations, can contribute to the economy of countries and environmental waste problems. In 
this study, to produce HSSCC more economically, sustainably, and environmentally, HSSCC series 
were produced using fly ash (FA) and recycled clay brick powders (RCBP) obtained from CDWs in 
certain proportions by weight instead of cement. For this purpose, seven different series of HSSCC 
were produced. FA and RCBP were used separately in the mixtures at 0% (control), 10%, 15%, 
and 20% by weight instead of cement. The fresh HSSCC series were then subjected to workability 
tests and cured for 28, 56, and 90 days. At the end of the curing period, physical and mechanical 
property tests and internal structure analyses by scanning electron microscopy (SEM) were per
formed on the HSSCC series. In addition, sensitivity analysis was performed using multiple linear 
model analysis to determine which parameters affect which properties in HSSCC designs. 
Although the highest workability loss in fresh HSSCCs was in the blend series where 20% RCBP 
was used, all of the blends provided fresh SCC properties by the standards. In general, the increase 
in FA and RCBP used in the HSSCC series decreased the 28-day compressive strengths (except 
RCBP10), while the strength losses gradually decreased as the curing age increased and at the end 
of 90 days; the compressive strengths of FA10 (71.9 MPa with 1.6% increase), RCBP10 (74.8 MPa 
with 5.6% increase) and RCBP15 (71.5 MPa with 1% increase) series were obtained above the 
control series (70.8 MPa). SEM analyses performed at the end of the study showed that HSSCC 
specimens with 10% RCBP replacement contained more intense hydration products and fewer 
pores than the other series.   

1. Introduction 

In the developing construction industry, high-rise and long-span modern reinforced concrete structures can be produced with 
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densely reinforced and complex geometry structural elements. It can be difficult to place and compact conventional concrete ho
mogeneously in the molds designed to produce these structures and to expect high performance. In case of insufficient compaction, 
voids may form in the concrete and mechanical strength may decrease as a result. Most of these difficulties can be overcome using self- 
compacting concrete (SCC) [1]. Starting with the first production studies in Japan in the 1980s [2] SCC is an innovative type of 
concrete that can be placed in the mold under its weight uniformly and without vibration, generally has higher performance than 
conventional concrete, and increases the degree of freedom of structural design [3,4]. Unlike conventional vibrated concrete, SCC can 
shorten the construction period in most reinforced concrete projects by eliminating concerns about noise and compaction [5]. The 
mixing design of SCC should be easy to apply, durable, conform to technical requirements and strengths, sustainable and cost-effective. 
In addition, SCCs should have high filling ability, high passing ability, high segregation resistance, and the required mechanical and 
durability properties [6,7]. A well-designed SCC has fundamental differences compared to conventional concrete. These are less coarse 
aggregate content, increased paste content, low water/powder ratio and superplasticizers with improved performance [8]. In order to 
produce a homogeneous and cohesive SCC mix, a powder content of 450–600 kg/m3 is usually used compared to conventional vibrated 
concrete [9]. Some of this powder content can be replaced by mineral admixtures such as fly ash, ground granulated blast furnace slag, 
silica fume, etc. [10]. 

The high amount of cement used in SCCs not only increases production costs but also leads to a high carbon footprint, which has a 
detrimental effect on the environment [11–14]. In order to reduce the production costs and environmental damages of SCC, cement 
consumption can be minimized by adding appropriate amounts of supplementary cementitious materials (SCM) instead of cement in 
SCC mixtures [15]. For this purpose, the use of supplementary cementitious materials (fly ash, blast furnace slag and silica fume, etc.) 
instead of cement in SCC can contribute to the reduction of environmental pollution and CO2 emissions and the recycling of waste 
powder materials in concrete [16,17]. In many SCC studies to date [9,17,18] the use of industrial by-products (fly ash, blast furnace 
slag, silica fume, etc.) has been aimed at reducing cement-based production costs and to produce more sustainable and 
high-performance SCCs. 

Fly ash (FA), which is used as a cement substitute in SCC production, is a reliable and easily accessible industrial waste product 
generated after the combustion of coal used in power generation plants [5,17]. FA particles have a smooth and spherical shape and are 
usually used in the range of 15–25% instead of cement in SCC. The use of FA in SCC can improve the workability of the mixture by 
reducing the amount of superplasticiser [19,20]. Moreover, using FA can improve the rheological properties of concrete and reduce 
cracking in concrete as it generates lower heat of hydration [21]. The use of high amounts of FA in SCC can increase the resistance to 
yielding [7] while decreasing the early-age mechanical strengths [22,23]. Therefore, it is recommended to use FA in concrete mixtures 
with a relatively high (but not excessive) water/binder ratio or in SCC containing high doses of high-range water reducer admixture 
[24]. Siddique [21] reported that SCCs meet the fresh property standards by using FA up to 35% instead of cement and that the 
compressive strength of SCC mixtures decreased with the increase in FA percentage. Sharbaf et al. [25], investigated the abrasion and 
mechanical performance of SCC mixtures prepared by using natural pozzolan or FA in the range of 0–37.5% instead of cement. They 
found that the use of both natural pozzolan and FA in the mixtures generally improved the flowability of SCCs and that the increase in 
FA in the mixture decreased the seven and 28-day compressive strengths due to the late reactivity of pozzolanic materials, while the 90 
and 140-day compressive strengths were higher than the control (0%) mixture at almost all replacement levels. Muhammed et al. [26], 
investigated the rheological and mechanical properties of high strength self-compacting concrete (HSSCC) produced by using FA, 
ground blast furnace slag or both at a ratio of 0–60% of the total binder in the mix. As a result of the study, they reported that the 
increase in FA improved the passing ability of HSSCC more than the other mixtures, while the increase in FA caused a continuous 
decrease in 28-day compressive strengths. 

Destructive earthquakes, urban regeneration and the demolition of buildings at the end of their service life generate construction 
demolition waste (CDW), which is collected indiscriminately on open land, creating environmental problem areas. An increasing 
amount of CDW is generated each year by the global construction industry. While many countries, including Japan, Germany and the 
Netherlands, recycle around 80% of CDW [27], recycling rates are very low in Turkey and other developing countries. 

The 7.7 and 7.6 (Mw) earthquakes that occurred in Turkiye on 6 February 2023, with epicenters in Pazarcık (Kahramanmaraş/ 
Turkiye) and Elbistan (Kahramanmaraş/Turkiye), respectively, were recorded as the most destructive earthquakes in Turkiye. As a 
result of the earthquakes, more than 50.000 lives were lost, and structures close to the epicenters of the earthquakes collapsed, 
resulting in large amounts of CDW. As a result of the earthquakes, 38.330 buildings were demolished, 20.159 buildings were decided to 
be demolished urgently, and 203.461 buildings were found to be severely damaged so that they could not be retrofitted [28]. As a 
result of the collapse of a total of 261.950 buildings in a short period of time, the CDWs generated exceeded the annual CDW pro
duction amount in Turkiye and created a serious environmental problem. Thus, the reduction and recycling of CDW in the regions most 
affected by the earthquake has become an important problem that needs to be solved urgently in Turkiye. Most of the CDW (50%) at 
construction demolition sites in Turkey consists of bricks and tiles, which are fired clay products used in the construction of partition 
walls and roofing of buildings. In several studies [29–33] it has been found that approximately 50% of CDWs consist of brick and tile 
residues. It is evaluated that CDWs, which pose a serious problem for the environment, can be recycled like FA and can contribute to 
the national economy. Efforts to reuse CDWs in the concrete sector are accepted all over the world due to the increasing demand for 
concrete in countries. Approximately 37% of CDW in Europe is recycled for use as aggregate, primarily to reduce the consumption of 
natural materials [34]. Shredded clay bricks and tiles from brick and tile production and CDW are readily available waste materials. 
Recycling different types of CDW materials (roof tiles, hollow brick, and red clay brick) to be used in the concrete sector will require 
less work. In this context, it is evaluated that different usage areas of recycled clay brick powders (RCBP) that can be obtained from 
brick and tile wastes can be investigated in the concrete sector, contributing to the environmental waste system and the national 
economy. 
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In some studies conducted by researchers, the use of recycled clay bricks (RCBs) as aggregates in concrete is considered less 
preferred due to the high water absorption and low mechanical strength of clay brick aggregate [35,36]. Therefore, RCBs are generally 
used in low-strength roads and non-structural construction [37]. The use of RCB as a cement substitute instead of aggregate has 
attracted more attention from researchers. Some recent studies have evaluated that the use of more than 25% RCBP instead of cement 
in normal mortar/concrete mixtures generally leads to lower mechanical properties and that the particle size of RCBP affects the 
mechanical properties of mortar or concrete [38,39]. Zhao et al. [40], evaluated that with increasing grinding time for RCBP, the 
specific surface area of clay particles and pozzolanic activity increased, but long grinding time also caused agglomeration of RCBP and 
high energy consumption. When the structure of RCBPs is analyzed; it is found that these powders have pozzolanic material properties 
similar to SCMs [30,41,42] and the total percentages of SiO2, Al2O3 and Fe2O3 in their composition are generally above 70% [43]. Ge 
et al. [44] investigated the effects of replacing three different particle sizes of brick powders with cement in proportions of 10, 20 and 
30% on the fresh and hardened properties of concrete. As a result of the study, they found that brick powder replacement above 10% 
greatly reduced the amount of slump of fresh concrete, early age strengths decreased with increasing replacement rates, but as the 
curing age increased, the strength results of brick powder substituted concretes were similar to those of control concrete. Heikal et al. 
[45], investigated the use of ground clay bricks (GCB) in SCC. They reported that the compressive strength of the concrete decreased 
with the GCB content in the absence of SCC admixture, while in the presence of SCC admixture, the amount increased up to 28 days due 
to the formation of C-S-H (calcium silicate hydrate) in the microstructure of the concrete in a more dense order. Sun et al. [46], used 
RCBP in SCC at 1, 2.5, and 5% ratios instead of both cement and FA. When the mechanical properties of the specimens produced as a 
result of the mixtures were examined, they reported that SCC with 1% RCBP reached the highest compressive strength, and the 
compressive strengths of SCC containing RCBP at 28 and 56 days were higher than SCC without RCBP. Abdulrazzaq [47], investigated 
the effect of RCBPs substituted for cement at 5%, 10% and 15% on the fresh and hardened properties of C35 grade SCC. He reported 
that a 5% replacement of cement resulted in a significant increase in the workability of SCC and in the compressive strength, tensile 
strength and modulus of elasticity of the hardened concrete and a significant decrease in the properties of the hardened concrete. Irki 
et al. [48] used recycled brick powder of four different finenesses at 5, 10, 15 and 20% as partial replacement of cement in 
self-compacting mortar. At the end of the experimental studies, they reported that when the fineness of the brick dust was kept 
constant, the workability decreased as the replacement ratio increased, and the highest compressive strengths were obtained at a 5% 
replacement ratio, and the low strengths at an early age were due to the pozzolanic activity of the brick dust. Silva et al. [49], con
ducted a study on the replacement of clay brick residue up to 50% by volume instead of cement in SCC. As a result of the study, they 
reported that the compressive and tensile strengths decreased up to 90 days with the increase in the level of clay brick powder 
replacement, and with the increase in the curing time (180 and 360 days), the series using up to 37.5% clay brick powder reached 
higher values than the reference mixture. The HSSCC literature is rich with in-depth studies evaluating the additive effects of waste 
marble dust, silica fume, blast furnace slag and FA [50]. Despite the research on the use of RCBP in conventional concrete, there are 
very few studies on the use of RCBP as a cement substitute in HSSCC. Furthermore, the effect of different curing times on the me
chanical and microstructural properties of HSSCC has not been fully investigate. 

The large gap between the supply and demand of traditional SCM popular in the concrete industry necessitates the investigation of 
recycled powders as an alternative to cement. The aim of this study is to investigate the feasibility of using RCBP, which is obtained by 
recycling brick and tile wastes in CDWs generated after earthquakes, urban transformations and demolition of buildings that have 
completed their service life, as a cement substitute in HSSCC. The primary focus is to assess RCBP as a potential alternative to cement in 
High-Strength SCC and to draw comparisons with the utilization of FA, an industrial waste. 

Previous researches have primarily concentrated on the application of RCBP in standard concrete with normal strength. While 
many researchers have investigated the use of RCBP and FA in concrete, there has been little research on the fresh properties and 
physical, mechanical, and microstructural development of HSSCCs produced by replacing cement with RCBP in varying proportions 
and at different curing times. On the other hand, to increase the accuracy of performance prediction methods for HSSCC design, further 
studies should increase the number of experiments to be performed. This may result in increased costs and additional time. Another 
novelty of this study is the comparison of the results of the sensitivity analysis of the HSSCC design variables using multiple regression 
techniques with the experimental results. Thus, this study provides a comprehensive evaluation of HSSCCs with RCBP and FA using 
both experimental methods and statistical analyses. However, the use of roof tile waste obtained from construction demolitions can be 
combined with masonry demolition waste (hollow bricks and red clay bricks) to obtain RCBP, allowing for the recycling of more waste 
materials. For this purpose, HSSCCs were produced by substituting RCBP and FA separately at 10, 15, and 20% ratios instead of cement 
in the mixture series. In addition to these, a control (C) series in which only cement was used was also produced, and the workability, 
physical and mechanical properties, and microstructural performances of all series were compared. The study aimed to evaluate the 
appropriate amount of RCBPs obtained from CDWs for use in HSSCCs, to reduce the environmental problem caused by CDWs, and to 
produce economical and sustainable HSSCCs. 

2. Materials and methods 

2.1. Materials 

Locally sourced CEM I 42.5 R Portland Cement produced at Vezirhan Cement Factory in accordance with TS EN 197-1 [51], and 
F-type fly ash (FA) sourced from Biga Thermal Power Plant in Turkiye were used for HSSCC production. The RCBP used in the study 
was obtained by collecting roof tiles (RT), hollow bricks (HB), and red clay bricks (RCB) from local construction demolition sites 
undergoing urban renewal in Turkiye. Thus, by recycling different types of CDW materials together, less labor and more waste ma
terials were used. The mortar layers around the collected tiles and bricks were first cleaned and then separated according to material 
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types (RT, HB and RCB) by crushing them to 0–4 mm in the jaw crusher in the laboratory. Then, equal amounts of each of RT, HB and 
RCB were taken to form a mixture package of recycled clay bricks and tiles. As a final process, the mixture package was ground in a ball 
mill in the laboratory at a speed of 60 rpm for 120 min to a powder (RCBP) until it reached a suitable fineness (passing through a 90 μm 
sieve) to be used as a cement substitute (Fig. 1). 

The results of the physical and chemical (X-ray fluorescence) analysis of the powder materials used in HSSCC mixtures are given in 
Table 1, and the particle size distribution curves (laser granulometry analysis) are given in Fig. 2. As seen in Table 1, the main chemical 
component of the cement is CaO, while the waste products of FA and RCBP are SiO2. Moreover, the sum of SiO2+Al2O3+Fe2O3 of RT, 
HB and RCB in Table 1 is above 70%. According to TS 25 [52], the sum of these oxides by weight of at least 70% indicates that these 
materials meet a property that natural pozzolans should have. 

The surface texture and particle shape of FA and RCBP in HSSCC blends were observed using a Zeiss LEO 1430VP scanning electron 
microscope (SEM). According to SEM analysis (Fig. 3); FA was completely spherical and consisted of particles with different sizes and 
smooth surfaces, while RCBP was composed of particles with irregular and angular shapes and rough surfaces. 

Limestone-based crushed stone sand with a fineness modulus of 2.31 and a maximum particle size of 4 mm and crushed stone 
aggregates with a sieve size of 4–11.2 mm were used as aggregates in the mixtures. Specific gravities of sand and crushed stone ag
gregates were 2.60 and 2.67, and water absorption percentages were 1.56 and 0.48, respectively. Sieve analysis was performed on fine 
and coarse aggregates in accordance with TS EN 933-1 [53], and the granulometry curves are shown in Fig. 4. 

In HSSCC productions, 50% crushed stone sand and 50% crushed stone aggregate were used by volume. Sika ViscoCrete Hi-Tech25 
(1.06 g/cm3) based on polycarboxylic ether was used as high range water reducer admixture (HRWRA) to ensure sufficient workability 
in the mixtures, while city tap water was used for mixing and curing applications. 

2.2. Methods 

2.2.1. Mix design 
While designing HSSCC mixes, typical mass and volume distributions given in EFNARC [7] and TS 802 [54] standards were used so 

that the 28-day target strength of the control (C) mix was at least 60 MPa. A total of seven series of mixes were prepared in which FA 
and RCBP were used separately at 10, 15 and 20% by weight instead of the cement used in the control (C) mix. The quantities of 
materials used in the HSSCC series are given in Table 2. 

The binder expression in the mix series consists of cement, FA and RCBP. HSSCC series are named as C, FA10, FA15, FA20, RCBP10, 
RCBP15 and RCBP20. In the series codes, FA; stands for fly ash, RCBP; stands for recycled-fired clay brick waste powders, and the 
numbers stand for the percentage of powder substituted for cement by weight. For example, FA10 is the HSSCC series with 10% fly ash. 
As can be seen from Table 2, 500 kg/m3 powder material was used according to EFNARC [7] criteria to ensure fresh properties in 
HSSCC production. In addition, the water/binder ratio in all series was selected as 0.38. Since the study aimed to produce HSSCC series 
with similar workability properties, the amount of HRWRA additive used in the series was not used in a fixed ratio. The amount of 
HRWRA was used in the range of 1.8–2% of the binder material so as not to cause any segregation in all HSSCC mixtures and to meet 
the fresh property standards. 

HSSCC series were prepared in a pan-type concrete mixer with a mixing capacity of 56 L and a rotation speed of 36 rpm. Firstly, 
coarse and fine aggregate, then cement and FA or RCBP were placed into the concrete mixer and mixed dry for 2 min. Then, half of the 
mixing water was added and mixed for 2 min until the entire mixture was homogeneously wet. Finally, the HRWRA and the rest of the 
mixing water were added and mixed for another 2 min, and fresh concrete tests were performed for each series of mixtures. 

Fig. 1. Stages of preparation of RCBP.  
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Table 1 
Physical and chemical properties of powder materials.   

Oxide 
Components, % 

RCBP FA CEM I 42.5 R 

RT HB RCB 

Chemical properties (XRF) SiO2 44.7 48.9 44.6 52.2 18.7 
Al2O3 14.7 17.2 17.2 21.6 4.6 
Fe2O3 12.2 7.1 9.8 7.2 3.4 
CaO 8.8 4.7 7.5 8.6 63.7 
MgO 5.2 6.5 6.8 2.3 1.3 
SO3 0.3 3.5 0.3 1.1 2.7 
K2O 1.6 3.2 3.2 2.5 0.7 
TiO2 1.9 0.8 0.8 1.1 – 
P2O5 1.3 1.2 1.1 1.1 – 
Mn2O3 0.2 0.1 0.1 0.1 – 
Loss of ignition 9.1 6.8 8.6 2.1 3.9 
Free CaO – – – – 0.8 

Physical properties Specific gravity 2.9 2.9 2.8 2.3 3.1 
Specific surface, m2/kg 604 304 319 
Initial setting time, min – – 195 
Final setting time, min – – 260 

Compressive strength 2 days, MPa – – 25.7 
7 days, MPa – – 41.3 
28 days, MPa – – 55.8  

Fig. 2. Particle size distribution curves of powder materials.  

Fig. 3. SEM micrographs (a) FA, (b) RCBP.  
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2.2.2. Fresh concrete tests 
In order to determine the fresh properties of HSSCCs, the Slump-flow test and T500 time (time required to reach 500 mm flow 

diameter) measurement according to TS EN 12350-8 [55], V-funnel test according to TS EN 12350-9 [56] and L-box test with three 
rebars according to TS EN 12350-10 [57] was applied to the series. The fresh concrete test results of the HSSCC series were also 
classified according to the target limits (Table 3) specified in the EFNARC [7] guidelines. 

2.2.3. Specimen preparation and curing 
After the fresh concrete tests were performed on the HSSCC series, they were cast into molds. For each series and curing age of the 

fresh concrete produced, six 100mm × 100mm × 100 mm cube specimens and three 100mm × 100mm × 500 mm beam specimens 
were poured without vibration. The HSSCC series were kept in the molds in the laboratory environment (20 ± 2 ◦C) for 24 h and then 
removed from the molds. The demolded HSSCC specimens were subjected to standard curing in a lime-saturated water pool at 20 ±
2 ◦C for 28, 56 and 90 days and then hardened concrete tests were performed. A total of 126 cube specimens and 42 beam specimens 
were produced for the study. 

2.2.4. Hardened concrete tests 
In order to determine the mechanical properties of the HSSCC series, hardened concrete tests were performed on specimens 

Fig. 4. The granulometry curves of aggregates used.  

Table 2 
The mixing ratios of the HSSCC series (kg/m3).  

Mixes Water Cement FA RCBP Crushed sand (0–4 mm) Crushed stone (4–11.2 mm) HRWRA 

C 190 500 – – 829 837 9 
FA10 190 450 50 – 821 829 9 
FA15 190 425 75 – 817 826 9 
FA20 190 400 100 – 814 822 9 
RCBP10 190 450 – 50 825 834 10 
RCBP15 190 425 – 75 824 833 10 
RCBP20 190 400 – 100 823 832 10  

Table 3 
Target limits prescribed by EFNARC.  

Test name Class Acceptable range 

Min. Max. 

Slump flow (mm) SF1 550 650 
SF2 660 750 
SF3 760 850 

T500 (sec) VS1 ≤2   
VS2 >2  

V-funnel (sec) VF1 ≤8   
VF2 9–25  

L-box (h2/h1) PA1 ≥0.80 with 2 rebars   
PA2 ≥0.80 with 3 rebars   
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prepared in accordance with TS EN 12390-1 [58] and TS 12390-2 [59] standards. After 28, 56 and 90 days of standard curing, unit 
volume weight (dry), apparent porosity and water absorption by weight tests were performed according to TS EN 772-4 [60] and 
ASTM C642 [61]. Compressive strength tests (Fig. 5a) were performed according to TS EN 12390-3 [62] using a 2000 kN capacity 
digital universal testing machine at a constant loading rate of 0.6 ± 0.2 MPa/s. 

Archimedes balance was used to calculate the unit volume weight, apparent porosity and percent water absorption by weight of the 
cube specimens. After curing, the samples were dried in an oven for a period of 24 h until they reached a constant weight. After the 
measurements were made, the oven-dried samples were placed in a water tank with at least 50 mm of water covering them and kept in 
water for 48 h. Then, their apparent weights in water and their weights in the water-saturated state after they were removed from the 
water and their surfaces were wiped with a damp cloth were determined. The unit volume weights, apparent porosity and percent 
water absorption by weight of the HSSCC series were calculated using Equations (1)–(3).  

Unit weight (UW) (kg/m3) = [W1/(W3-W2)]                                                                                                                   (1)  

Apparent porosity (AP) (%) = [(W3-W1)/(W3-W2)] × 100                                                                                               (2)  

Water absorption (WA) (%) = [(W3-W1)/(W1)] × 100                                                                                                     (3) 

In the equations W1: Invariant dry weight (g) of the specimen after standing in an oven at 105 ◦C for 24 h, W2: Suspended weight of 
the water-saturated specimen in water (g), W3: Weight of the water-saturated specimen in air (g). 

Three-point flexural strength tests after 28 and 90 days of standard curing were performed on beam specimens according to TS EN 
12390-5 [63] (Fig. 5b). The loading setup in the flexural strength test is shown in Fig. 5b and 6 consists of one load application cylinder 
placed in the center of the span. The loading rate was set at 0.05 MPa/s, and the flexural strength (Fcf) of the specimens was calculated 
using Equation (4). 

Fcf =
3 P L
2 d1d2

2
(4) 

Fcf in Equation (4): Flexural strength (MPa), P: Maximum load (N), L: Clearance between support cylinders (mm), d1 and d2: Cross- 
sectional dimensions of the specimen (mm). 

The internal structure image analysis of the specimens of the HSSCC series after 28 and 90 days of curing was evaluated using a 
Zeiss LEO 1430VP scanning electron microscope (SEM). In addition, Energy Dispersive X-ray (EDX) analysis was performed together 
with SEM to evaluate the chemical elements present on the surface of the specimens. 

The production process and applied experiments of HSCCC series are shown in the flow chart in Fig. 7. 

3. Results and discussion 

3.1. Fresh concrete test results 

Fresh concrete tests were conducted to determine the flowability, filling and transition ability of the HSSCCs. In most of the studies 
in the literature, it has been reported that the flowability of SCC was examined by slump flow test, viscosity was evaluated by T500 test, 
and passing ability was measured by L-box [5]. According to the fresh concrete tests, it was determined that no segregation occurred in 
all of the series, and HSSCC was produced in accordance with the fresh state standards specified in EFNARC [7] guide, TS EN 12350-8 
[55], TS EN 12350-9 [56] and TS EN 12350-10 [57]. 

3.1.1. Slump-flow and T500 times outcome analysis 
Slump-flow and T500 times results of the HSSCC series are given in Fig. 8. 
Fig. 8 shows that the slump-flow results of the series vary between 660 and 800 mm and meet EFNARC [7] standards for SCC 

slump-flow value. As it is known, SCC at a slump-flow of 550 mm may not have enough flow to pass through highly compacted 
reinforcement, and the flow diameter reaching 850 mm may cause segregation in the concrete. The highest slump-flow value in the 

Fig. 5. Mechanical tests (a) Compressive strength, (b) Flexural strength.  
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HSSCC series was observed in the FA20 series (800 mm) and the lowest slump-flow value in the RCBP20 series (660 mm). Accordingly, 
it was determined that FA20 of the HSSCC series is in the SF3 class, and the other series are in the SF2 class. The slump-flow values of 
the series increased with the increase of FA replacement rate in the mixture compared to series C, while it decreased with the increase 
of RCBP replacement rate. In addition, after the highest, (at FA20) and lowest (at RCBP20) slump-flow values obtained from the 
slump-flow tests applied to the HSSCC series, a suitable homogeneity was observed in the concretes (Fig. 9) and no segregation and 
bleeding tendencies were detected. 

The slump-flow values in FA10, FA15 and FA20 series increased by 0.7%, 5.6% and 11.9%, respectively, compared to the C series. 

Fig. 6. Beam flexural strength loading setup.  

Fig. 7. Flowchart of the mixing and testing procedures.  

Fig. 8. Slump-flow and T500 times measurement results of HSSCC series.  
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As can be seen, increasing the FA content in the HSSCC mixture from 0% to 20% increased the slump-flow value by 11.9%. In a study 
conducted by Mustapha et al. [64], they reported that the slump-flow values increased by 16.4% when 25% FA was substituted for 
cement in the high-performance SCC mix compared to the control series. Similarly, Elsayed et al. [65] reported that the slump-flow 
measurements of SCC mixtures containing 25% and 50% FA replacement increased by 31.4% and 37.3%, respectively, compared 
to the reference mixture. The fully spherical and smooth-surfaced particles of FA substituted in HSSCC may have caused less internal 
friction in the mixing paste, making the flow more uniform. This also allows the amount of HRWRA used to be reduced. The increase in 
workability with increasing FA can also be attributed to the fact that FA in the mix acts as a lubricant, reducing the agglomeration of 
cement particles due to its spherical shape [66] and reducing the shear force between aggregates and cement paste through the ball 
bearing effect [64]. In addition, it can be concluded that the increase in the HRWRA effect on the cement, the amount of which 
decreased compared to the control mix due to FA not reacting with HRWRA, contributed to the increase in workability. Uysal ve Sümer 
[67] reported in a study that FA, which they used up to 35% by weight instead of cement in SCC, was able to disperse the agglom
eration of cement particles due to its spherical shape, using a lower superplasticizer dosage to maintain the same filling ability as 
cement, and produce higher slump-flow values than cement. The FA replacement used in the study was considered to improve the 
workability of the HSSCC series and may also contribute to reducing the amount of water or HRWRA to be used in the mix-up to a 
certain ratio [68]. 

As the RCBP replacement rate in the HSSCC series increased, slump-flow values in RCBP10, RCBP15 and RCBP20 series decreased 
by 0.7%, 4.9% and 7.7%, respectively, compared to the C series. Increasing the RCBP content in the HSSCC mix up to 20% decreased 
the slump-flow values by 7.7% at most. This can be attributed to the fact that RCBP has irregular and angular shapes and rough surface 
particles in the SEM analysis, as mentioned in Section 2.1. In addition, the fact that the specific surface area of RCBP (604 m2/kg) is 
higher than that of cement (314 m2/kg) with the constant water/binder ratio in the mixture can be considered as the increased water 
demand reduces the amount of slump-flow. The addition of RCBP to HSSCC mixtures had almost no visible effect (segregation etc.) on 
the workability of the mixtures. However, the dosage of HRWRA (Table 2) was slightly increased with the increase in the proportion of 
RCBP in the mixtures in order to prevent detrimental effects on flowability and to meet the SCC fresh criteria (keeping the slump-flow 
diameter above 550 mm). 

According to the T500 time results of fresh HSSCCs, all series reached 500 mm diameter in less than 2 s (0.7–1.9 s) (Fig. 8). 
Therefore, all HSSCC series are classified as VS1 [11]. RCBP20 had the highest T500 value, while FA20 had the lowest T500 time. The 
T500 time decreased as the FA replacement ratio in the series increased, while the T500 time increased as the RCBP replacement ratio 
increased. It was found that the series with low slump-flow values reached higher T500 times, and there was a negative relationship 
between slump-flow values and T500 times. In a study by Schackow et al. [69], it was reported that CBW particles, which are finer than 
cement in mortars containing generally pulverized baked clay brick waste (CBW), produce less spreading due to increased water 

Fig. 9. Slump-flow images of the C, FA20 and RCBP20 series.  

Fig. 10. Workability results of HSSCC series (a) V-funnel, (b) L-box.  

A.F. Şenol and C. Karakurt                                                                                                                                                                                          



Journal of Building Engineering 88 (2024) 109175

10

consumption and constant water/cement ratio. In a study by Chen et al. [33], they reported that RCBP reduced the workability of 
cement mortars. They attributed this finding to the fact that RCBP has a larger specific surface area and irregular surface particles than 
cement, forming pores that increase water absorption more. 

3.1.2. Results analysis of V-funnel times and L-box ratios 
The V-funnel test applied to the HSSCC series was applied to reveal the filling capacity and viscosity of the mixtures. This test is also 

an indicator of clogging when unloading times are prolonged [70]. The results of the V-funnel and L-box tests of the HSSCC series are 
given in Fig. 10. 

The V-funnel flow times obtained from the series (Fig. 10a) are between 9 and 15.5 s, which is within the recommended range for 
SCC. The V-funnel flow values in FA10, FA15 and FA20 series decreased by 3.7%, 7.4% and 33.3%, respectively, compared to series C. 
As the RCBP replacement rate increased in the HSSCC series, the V-funnel values in the RCBP10, RCBP15 and RCBP20 series increased 
by 3.7%, 7.4% and 14.8%, respectively, compared to the C series. Since the durations of all series are above 9 s and below the 
maximum duration limit of 25 s, they are referred to as the VF2 class [11]. In particular, the RCBP-substituted HSSCCs reached du
rations in the range of 14–15.5 s. Among the series, the FA20 series reached the shortest time (9 s), and the RCBP20 series reached the 
longest time (15.5 s). The higher value obtained from the V-funnel means lower filling capacity and higher concrete viscosity. The long 
times obtained during the test can be attributed to the rough surface properties of RCBP and the short times to the spherical particle 
structure of FA. Similar considerations were also found by other researchers. In a study by Mustapha et al. [64], they substituted 25% 
FA for cement in SCC and found that the V-funnel flow time improved by 3.3% compared to the control series and measured 11.6 s. It 
was found that the V-funnel flow times of the series with higher T500 times were also higher, and there was a positive correlation 
between them. 

The L-box test results (h2/h1 ratios) performed to determine the transition ability characteristics of the HSSCC series ranged from 
0.81 to 0.93 (Fig. 10b). According to EFNARC [7] guidelines, the blocking ratio should be between 0.8 and 1.0. All of the fresh HSSCC 
blends produced were found to meet these requirements. In addition, all series were considered to be of PA2 class [11] and capable of 
passing through densely reinforced structural elements without blocking. The L-box height ratios in FA10, FA15 and FA20 series 
increased by 5.9%, 7.1% and 9.4%, respectively, compared to the C series, while in the RCBP series; it increased by 1.2% in the RCBP10 
series and decreased by 2.4% and 4.7% in RCBP15 and RCBP20 series. From the results, it is clear that as the amount of RCBP increases, 
the resistance to yielding also increases, which decreases the passing ability of the concrete. However, the inclusion of FA in the mix 
improved the L-box height ratio. Accordingly, it was evaluated that FA replacement up to 20% in HSSCC increased the L-box height 
ratios, while the use of more than 10% RCBP negatively affected the blocking ratio. 

3.2. Hardened concrete test results 

3.2.1. Unit weight test results 
The dry unit volume weights of the HSSCC series after 28, 56 and 90 days of curing are shown in Fig. 11. As expected, the unit 

volume weights of FA and RCBP substituted HSSCC series decreased compared to the C series. 
The 28-day unit volume weights of the HSSCC series ranged between 2451 and 2484 kg/m3, while the unit volume weights at the 

end of 90 days ranged between 2456 and 2486 kg/m3. The 28-day unit volume weights of the samples decreased by 0.7%, 1% and 
1.3% in the F10, F15 and F20 series, respectively, while the RCBP10, RCBP15 and RCBP20 series decreased by 0.4%, 0.5% and 0.7%, 
respectively, compared to the C series. The lower specific gravity of FA and RCBP compared to cement resulted in lower unit weights 
for the FA and RCBP series compared to the C series. Weight replacement of the materials in the mixtures was also the reason for the 
decrease in dry density. The decrease in the density of hardened SCC specimens when FA was substituted for cement in SCC mixtures 
was found in a study by Jain et al. [71]. The lower unit volume weights of the HSSCC series with FA and RCBP replacement may also 
contribute to the reduction of the dead load of a structure. This may contribute to reducing the cross-sections of structural elements and 

Fig. 11. Unit weight change of HSSCC series according to curing times.  
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the risk of earthquake damage [72,73]. The unit volume weights of all HSSCC series increased very slightly, about 1%, from 28 days to 
90 days of cure. This is considered to be due to the increase in hydration of the series with the increase in curing time and the series 
becoming more void-free. A similar change was also found in an SCC study by Silva et al. [49] at 28 and 180 days of cure (unit volume 
weight increase close to 1% with increasing cure time). 

3.2.2. Compressive strength test results 
The compressive strengths of the HSSCC series after 28, 56 and 90 days of curing are given in Fig. 12. As can be seen in Fig. 12, the 

compressive strengths of the series increased with increasing curing time. This can be explained by the improvement in hydration 
reactions. 

The 28-day compressive strengths of the HSSCC series ranged between 53.2 and 67.2 MPa, 56-day compressive strengths ranged 
between 59.5 and 69.8 MPa and 90-day compressive strengths ranged between 63.5 and 74.8 MPa. When the first 28-day compressive 
strengths of the HSSCC series were analyzed, the compressive strengths of all series except RCBP10 were below the C series. After 28 
days of curing, the compressive strengths of FA10, FA15 and FA20 series decreased by 2.3%, 10.4% and 16.2%, respectively, while 
RCBP10 series increased by 1.5%, RCBP15 and RCBP20 series decreased by 8.2% and 19.6%, respectively. From the 28-day 
compressive strength results of the series, it is clear that the rate of pozzolanic reaction for FA contributed to the decrease in 
strength. FA acts as a pozzolan in HSSCC and is, therefore, non-reactive. The compressive strength observed at 28 days of curing was 
significantly lower, and the compressive strength also improved with the extension of the curing time [74]. The increase in the 
compressive strengths of RCBP10 at all curing times may be due to the micro-filling ability of RCBP [45] and the formation of better 
hydration products. The same observation is also observed by internal structure analysis (Section 3.2.7). In various studies [64], it was 
reported that low CaO content and high SiO2 and Al2O3 content as a result of the reduction of cement in the mixture had a negative 
effect on the hydration of the binder, resulting in the formation of a smaller amount of CASH gel and a decrease in the early wet 
compressive strength values of SCCs [75]. When the compressive strengths of the HSSCC series at the end of 56 days of curing were 
examined, it was found that the differences between the compressive strength of the C series decreased compared to the 28-day results. 
At the end of 56 days of curing, the compressive strength of the FA10 series increased by 1.3% compared to the C series, while the 
strengths of the FA15 and FA20 series decreased by 8.5% and 12%, respectively. In the RCBP series, the compressive strength of 
RCBP10 increased by 1.9%, while the compressive strengths of RCBP15 and RCBP20 series decreased by 2.9% and 13.1%, respectively. 

The higher the FA replacement level in HSSCC, the greater the reduction in hardening properties, as a sufficient amount of cement- 
derived hydration products cannot react with FA [66]. The reduction in compressive strength of Portland cement concrete containing 
FA may be due to the slow pozzolanic reaction of FA and its dilution effect [64,76]. Since the average particle size of FA is higher than 
that of cement and RCBP, the pores in the cement paste and interfaces are not completely filled, so the use of FA at 15% and above can 
also cause a decrease in strength. However, the strength increases in FA10, RCBP10 and RCBP15 series are considered to be due to 
pozzolanic reactions. The low activity of FA particles in the mixture may have delayed the strength development of HSSCCs up to 56 
days (in FA15 and FA20), while the higher fineness of RCBP compared to cement and FA may have increased the strength development 
due to its pore filling ability and high pozzolanic effect. 

In the literature, FA is known to improve the compressive strength of concrete over time. While the replacement of high amounts of 
FA has a negative effect on the early strength of concrete, it can also reach a remarkable strength at later ages [64]. When the curing 
period applied to the HSSCC series reached 90 days, it was found that the compressive strength of the FA10 series increased by 1.6% 
and decreased by 3% and 9.3% in the FA15 and FA20 series compared to the C series. This decrease in compressive strength can be 
attributed to the increase in class F FA (8.6% CaO), whose CaO content is lower than that of cement (63.7% CaO). The decrease in CaO 
content due to the decrease in cement with the increase in FA replacement in the mix may have a negative effect on binder hydration 
[65], resulting in a further decrease in the compressive strength values of HSSCC. When the RCBP series were analyzed, it was found 
that the 90-day compressive strengths of RCBP10 and RCBP15 series increased by 5.6% and 1%, respectively, while the RCBP20 series 

Fig. 12. Compressive strength test results of HSSCC series according to curing times.  
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decreased by 10.3%. At the end of the 90-day cure applied to the HSSCC series, the RCBP10 series reached the highest compressive 
strength obtained from all series with a compressive strength value of 74.8 MPa. Since the fineness of pozzolans is an effective factor in 
accelerating pozzolanic reactions [77], the pozzolanic performance of RCBP used in the mixture at the end of 90 days may be due to its 
high amount of fineness (604 m2/kg). In a study conducted by O’Farrel et al. [41], it was found that the early age (up to 28 days) 
compressive strengths of mortars decreased compared to the control series when cement finely ground brick powders were substituted 
for cement at 0–30% rates, while the strengths of mortars with low replacement rates (up to 20%) after 90 days of curing were higher 
than the control series. The fact that the compressive strengths of the FA15, FA20 and RCBP20 series were below the C series strengths 
at all curing times can be attributed to the decrease in the amount of calcium-silica-hydrate (C-S-H) gels and calcium-hydrate (CH) that 
provide compressive strength by decreasing the cement content in the mixture. The low bonding between aggregate and paste for this 
series was also observed by SEM analysis in Section 3.2.6. 

In general, the increase in FA and RCBP replacement in HSSCC series decreased the early age compressive strengths, while the 
strength losses gradually decreased as the curing age increased (56 and 90 days); compressive strengths above series C were obtained 
in FA10, RCBP10 and RCBP15 series. The strength losses decrease with increasing curing time because the microstructure of the series 
becomes more compact at the end of the 90-day cure, and additional C-S-H (calcium-silicate-hydrate) gels or C-A-H (calcium aluminate 
hydrate) are formed. This can be observed from the 28 and 90-day internal structure views of the FA and RCBP replacement HSSCC 
series in Figs. 24 and 25 of the 3.2.7 Internal Structure Analysis section. Research in the literature indicates that long curing times are 
required for the dissolution of active Si and Al in RCBP. Additionally, it has been observed that RCBP silicates react with Ca(OH)2, 
resulting in the production of additional C-S-H gel and an increase in compressive strength at advanced ages due to the thinning of pore 
structures. According to the results of similar studies [49,70] the use of cement in the concrete mix decreases as the replacement ratio 
of RCBP and FA increases, the strength of the concrete at the early stage decreases with the increase of the water/cement ratio, but the 
pozzolanic activities of RCBP and FA become effective with the increase of the curing time. It is evaluated that the compressive strength 
losses after the 28th day of the series decreased over time as the newly produced gel products filled some pores and strengthened the 
transition zone between paste and aggregate. 

Although the compressive strengths of the RCBP20 series measured up to 90 days were also below series C, it was determined that 
the difference in compressive strength decreased with the increase in curing time due to the effect of pozzolanic activity. Accordingly, 
the 28-day compressive strength of RCBP20, which reached the lowest strength among the series, was 80% of series C, while the 90-day 
compressive strength was 90% of C. Liu [66], in a study using up to 80% FA replacement instead of cement in SCC, reported that the 
SCC series with FA gained strength close to the control concrete at the end of 90 days of curing and that 20% FA replacement was 
optimum. Zhang et al. [78], reported in a study that the compressive strength losses obtained from mortar series in which cement was 
replaced with RCBP at 10, 20 and 30% decreased over time up to 90 days, and the strength loss in the series with 10% RCBP 
replacement decreased to 0.1%. Similarly, Irki et al. [48], reported that self-compacting mortar specimens produced with up to 15% 
RCBP replacement reached higher compressive strengths than control mortars at the end of 28 and 90-day curing periods. 

3.2.3. Flexural strength test results 
The variation of the HSSCC series according to curing times and flexural strengths is given in Fig. 13. As can be seen in Fig. 13, the 

flexural strengths of the series increased with increasing curing times. 
The flexural strengths of the series at the end of 90-day curing varied between 7.9 and 10 MPa. The flexural strength values of series 

C at the end of 28 and 90 days of curing were 6.3 and 8.6 MPa, respectively. When Fig. 13 is analyzed, the flexural strengths of FA10, 
FA15 and FA20 series at the end of the 28th day decreased by 3.2%, 4.8% and 11.1%, respectively, compared to series C. In the RCBP 
series, the strength of RCBP10 increased by 9.5%, while the strength of RCBP15 and RCBP20 series decreased by 3.2% and 11.1%, 
respectively. Thus, at the end of the first 28 days, the flexural strengths decreased as the FA and RCBP replacement increased in the 
series except for RCBP10. This improvement in flexural strength of RCBP10 can be attributed to the low porosity and good strength of 

Fig. 13. Flexural strength test results of HSSCC series according to curing times.  
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both the cement paste matrix and the interfacial transition zone. In addition, the angular shape and rough surface of the RCBP particles 
provided a tight interlock between the binder and aggregate phase, which may have resulted in increased flexural strength. In the 
apparent porosity measurements, it was determined that the porosity of RCBP10 was 5.8% lower than the 28-day porosity value of 
series C. The 28-day flexural strength results of the RCBP series are consistent with the 28-day flexural strength results obtained by Xue 
et al. [79] from mortar specimens produced with up to 20% RCBP instead of cement. Xue et al. [79] explained that the optimum 
amount of brick powder (up to 20%) can fill the voids between the cement particles, and brick powder improves the structure of the 
transition zone between cement paste and aggregate and contributes to flexural strength. 

When the flexural strengths of the HSSCC series at the end of the 90-day curing period were analyzed, it was found that the 
strengths of FA10 and FA15 series increased by 3.5% and 7%, respectively, while FA20 decreased by 5.8%. It is evaluated that the 
hydration activity of FA-substituted cement decreases due to the decrease in its content in the mixture, resulting in lower flexural 
strength at early ages (28 days), and when the curing time is extended (90 days), it reaches values above the C series strength due to the 
continuous improvement of micro-level properties (crack widths, etc.) [80]. This can also be explained by the low calcium content of 
Class F FA, which slows down the pozzolanic reactions in the concrete and leads to a significant delay in the early strength gain. Similar 
studies [73,80] found that this effect was more pronounced with higher amounts of FA replacement. In the RCBP series, the 90-day 
strengths of RCBP10 and RCBP15 increased by 16.3% and 5.8%, respectively, while RCBP20 decreased by 8.1% compared to the C 
series. In a similar study, Ge et al. [44] evaluated that the higher flexural strengths obtained from concretes produced with RCBP 
substituted up to 30% instead of cement may be due to a greater bond strength between the rough surface of RCBP and the cement 
matrix. The flexural strength of the HSSCC series improved after high curing ages (90 days) compared to low curing ages (28 days). As 
reported in the literature, FA reacts with calcium ions in calcium hydroxide (C-H) to form calcium silicate hydrate (C-S-H), the binder 
phase. Concretes containing FA do not gain high strength at an early age due to low amounts of C-S-H and C-H [5]. 

Among the HSSCC series, the 28-day flexural strengths of the series containing 10% and 15% FA and 15% RCBP decreased 
compared to the C series, as shown in Fig. 13. However, the flexural strengths at the end of the 90-day curing period were higher than 
those of the C series. The cross-sectional views of the HSSCC series obtained after the flexural strength tests applied to the 90-day beam 
specimens are shown in Fig. 14. As can be seen in Fig. 14, it is observed that there are generally no visible cracks on the inner surface of 
the HSSCC series, pores are formed in very low amounts, and the transitions between aggregate and cement paste are quite void-free. 

Mathematical correlation can be used to predict the hardened properties of the HSSCC series based on the data obtained. In general, 
an R2 value above 0.7 indicates a strong correlation between properties [81,82]. Fig. 15 shows the relationships and equations between 
the flexural and compressive strength results obtained from the 28 and 90-day HSSCC series. As seen in Fig. 15, it was determined that 
the compressive strength values increased with the increase in flexural strength values, and there was a positive and strong 
compatibility relationship between the strengths. 

3.2.4. Apparent porosity test results 
The variation of apparent porosity values of the HSSCC series according to curing times is given in Fig. 16. As can be seen in Fig. 16, 

the apparent porosity values in all series decreased with increasing curing time. The apparent porosity values of the HSSCC series after 
28 days of curing ranged between 4.9 and 7.1%, after 56 days of curing between 3.1 and 4.3% and after 90 days of curing between 1.7 
and 2.4%. 

Fig. 14. Cross-sectional views of HSSCC series (90 days) after fracture under flexural strength test.  
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The apparent porosity values of the C series at the end of 28, 56 and 90 days of curing were 5.2%, 3.4% and 2%, respectively. When 
Fig. 16 is examined; The apparent porosity values of the FA10, FA15 and FA20 series at the end of the 28th day are respectively 
compared to the C series; While it increased by 9.6%, 19.2% and 28.8%, it decreased by 5.8% in RCBP10 and increased by 25% and 
36.5% in the RCBP15 and RCBP20 series, respectively. The apparent porosity values of the FA series at the end of the 56th day 
increased by 2.9%, 14.7% and 23.5% in the FA10, FA15 and FA20 series, respectively, while in the RCBP series; it decreased by 8.8% in 
the RCBP10, increased by 11.8% and 26.5% in RCBP15 and RCBP20 series, respectively. Thus, at the end of the 56th day, it was 
determined that the apparent porosity values of the other series increased with the increase of FA and RCBP replacement in the HSSCC 
series, except the RCBP10 series. When the apparent porosity values at the end of the 90-day cure were analyzed according to the C 
series, there was a 10% decrease in the FA10 series, while the porosity values of the FA15 and FA20 series increased by 10% and 20%, 
respectively. In the RCBP series, the RCBP10 and RCBP15 series decreased by 15% and 10%, respectively, while the RCBP20 series 

Fig. 15. Relationships between 28 and 90 day flexural and compressive strengths of HSSCC series.  

Fig. 16. Apparent porosity measurement results of HSSCC series according to curing times.  

Fig. 17. Relationships between 28 and 90 day apparent porosity values and compressive strengths of HSSCC series.  
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increased by 10%. Thus, it was determined that the FA10, RCBP10 and RCBP15 series reached lower apparent porosity values than 
series C at the end of the 90th day. When the apparent porosities of the HSSCC series were analyzed in general, the differences between 
the FA and RCBP substituted series and the C series were higher in the first 28 days and gradually decreased at the end of the 90th day. 
This can be explained by the fact that FA and RCBP filled the pores of HSSCC after their pozzolanic activities, causing the development 
of new products and decreasing the porosity of the concrete over time. In addition, the higher fineness of RCBP compared to cement 
may also have contributed to filling the micropores of the mortars. Similar results were also found by other researchers [49]. 

Fig. 17 shows the relationship and equations between 28 and 90 days of apparent porosity values and compressive strengths of the 
HSSCC series. As seen in Fig. 17, compressive strengths decrease with increasing apparent porosity values, and there is a strong and 
negative relationship between them. 

3.2.5. Water absorption test results 
Water absorption is directly related to the durability or long-term behavior of concrete. The presence of pores and cracks in 

concrete increases the absorption of water in concrete, which consequently affects its mechanical and other durability properties [5, 
83]. Fig. 18 presents the results of the water absorption by weight test, showing the effect of replacing FA and RCBP with cement on the 
water absorption properties of HSSCC. 

Water absorption values for all HSSCC series were 1.9–2.8% on day 28 and 0.9–1.35% on day 90. The water absorption values of 
series C after 28, 56 and 90 days of curing are 2.1%, 1.5% and 1.1%, respectively. Since water absorption has a direct relationship with 
voids, water absorption decreased over time as the voids decreased with increasing curing time and the internal structure was 
improved. This improvement in water absorption resistance can be attributed to a denser concrete matrix [84]. In general, the results 
of water absorption tests show a direct proportional relationship with the amount of FA in HSSCC; that is, as the content increases, the 
water absorption rate increases [5]. When Fig. 18 is analyzed, the water absorption values of FA10, FA15 and FA20 series at the end of 
the 28th day increased by 4.8%, 14.3% and 23.8%, respectively, while it decreased by 9.5% in RCBP10 and increased by 19% and 
33.3% in RCBP15 and RCBP20 series, respectively, compared to C series. At the end of the 56th day, the water absorption values of the 
FA series decreased by 6.7% in FA10 and increased by 13.3% and 20% in the FA15 and FA20 series, respectively, compared to the C 
series. In the RCBP series, while it decreased by 10% in RCBP10, it increased by 6.7% and 26.7% in RCBP15 and RCBP20 series. Thus, 
at the end of the 56th day, it was determined that with the increase of FA and RCBP replacement in the HSSCC series, the water 
absorption values of the other series increased except for the FA10 and RCBP10 series. When the water absorption values at the end of 
90 days of cure were analyzed according to the C series, the FA10 series decreased by 13.6%, while the water absorption values of the 
FA15 and FA20 series increased by 9.1% and 18.2%, respectively. In the RCBP series, the RCBP10 and RCBP15 series decreased by 
18.2% and 4.5%, respectively, while the RCBP20 series increased by 22.7%. When the water absorption values of the HSSCC series up 
to 90 days are analyzed in general, it is found that the differences between the FA and RCBP substituted series and the C series are 
higher in the first 28 days and gradually decrease at the end of the 90th day, similar to the apparent porosity measurements. 

Low water absorption is an indication of good compaction provided by the concrete’s own weight. Better compaction can be 
expected, especially in the presence of FA, due to increased workability. The appearance of pores, defects and cracks in concrete 
increases the water absorption rate of concrete, which in turn affects the mechanical properties and other durability characteristics 
[74]. It has been noticed that increasing FA replacement in HSSCC increases water absorption at an earlier age. This is because 
increasing the amount of class F FA in concrete reduces the hydration process at earlier ages. At earlier ages, the hydration process in 
concrete with high FA content is not complete and permeable capillary pores are still present. This can lead to higher water absorption 
[73]. The water absorption values at day 90 of the HSSCC series decreased by 48%, 57%, 50% and 51% for C, FA10, FA15 and FA20, 
respectively, and by 53%, 58% and 52% for RCBP10, RCBP15 and RCBP20, respectively, compared to day 28. The porosity amounts of 
FA10, RCBP10 and RCBP15 series decreased generally more than the other series from 28 days to 90 days. The water absorption results 
of FA-replacement concrete in the study by Ting et al. [73] changed similarly. The decrease in water absorption of HSSCCs with RCBP 

Fig. 18. Water absorption measurement results of HSSCC series according to curing times.  
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replacement in RCBP10 and RCBP15 could clearly be due to pozzolanic reactivity, as suggested in previous studies [49,85]. 
The relationships between 28 and 90 days of water absorption and compressive strength for the HSSCC series are given in Fig. 19. 

As expected, higher water absorption corresponds to lower compressive strength, and there is a strong relationship between them. 

3.2.6. Statistical evaluations 
In order to increase the accuracy of performance prediction methods for HSSCC design, it is generally necessary to increase the 

amount of experiments to be performed. This may lead to increased costs and additional time. In this context, it is useful to perform 
sensitivity analyses to determine which parameters affect which properties in HSSCC designs in order to facilitate future studies. 
Sensitivity analysis helps to explain the effect of variables on the predicted properties. Sensitivity analysis using regression techniques 
is a method for evaluating how variables affect the outcome of a statistical model. 

In some studies [86–88] in the literatüre statistically significant parameters were obtained from SCC design variables. The 
experimental findings obtained from this study were statistically analyzed using linear analysis and Pearson correlation matrix. 

HSSCC is a mixture of various material components precisely proportioned according to certain standards. The small number of 
concrete designs and specimens produced in the studies to be carried out may cause inadequate statistical evaluation and prediction 
models. In this study, slump-flow, V-funnel flow and L-box height ratio values, which are compressive strength, flexural strength and 
workability properties, were selected as dependent variables. From the linear regression analysis (LRA), it was found that the fresh and 
mechanical properties of HSSCC did not depend on any independent variable only. The utilization rate (%) of RCBP and FA used as 
cement replacements in the HSSCC design, the amount of HRWRA (%) and the curing time were determined as independent variables. 
The analyses were carried out at 5% significance level and the degree of influence of the dependent parameters on the independent 
parameters and their relationships were determined. 

Multiple linear model analysis was used to determine the effects of the design parameters used in the mixture on the experimental 
results applied to the HSSCC series. The results of the analyses are shown in Table 4. The formulae of the multiple regression equations 
obtained in the analyses are given in equations (5)–(9) below.  

CS= 64.088 + (-0.544)*FA% + (-0.496)*RCBP% + (0.134)*T                                                                                         (5)  

FS= 5.342 + (-0.045)*FA% + (-0.035)*RCBP% + (0.044)*T                                                                                           (6)  

SF= 193.571 + (4.057)*FA% + (-5.000)*RCBP% + (282.381)*HRWRA                                                                           (7)  

VF= 30.107 + (-0.194)*FA% + (0.150)*RCBP% + (-8.845)*HRWRA                                                                               (8)  

Lbox= 0.356 + (0.004)*FA% + (-0.005)*RCBP% + (0.276)*HRWRA                                                                                (9) 

CS: Compressive strength (MPa), FS: Flexural strength (MPa), SF: Slump-flow diameter (mm), VF: V-funnel flow time (sec), Lbox=L- 
box height ratio, RCBP%: RCBP replacement level (%), FA%: FA replacement level (%), HRWRA%: HRWRA level (%), T: Curing time 
(day). 

The equations presented above were used to predict the CS, FS, SF, VF and Lbox results of the HSSCC series produced in the present 
research. The relationships between the experimental results obtained from the HSSCC series and the prediction results are shown in 
Fig. 20 below. 

The results of the statistical evaluation (Table 4) showed that RCBP replacement level (%), FA replacement level (%) and curing 
time had a statistically significant effect on the compressive and flexural strengths of HSSCC. Among the design parameters, curing 
time (T) had the highest effect on CS and FS with 38.4% and 86.3%, respectively, while FA replacement level (%) had the lowest effect 
on CS and FS with 21% and 2.8%, respectively. However, RCBP replacement level (%) was the parameter with an effect of 37.9% for 
CS. 

The correlation matrices created to show the relationship and degree of correlation between design parameters and experimental 
results are presented in Figs. 21 and 22. Figs. 21 and 22 show the Pearson correlation matrices of the machinability and mechanical test 
results of the design parameters, respectively. The correlation matrices show the degree of correlation between each parameter. In 
general, an absolute correlation coefficient above 0.8 between two properties indicates a high degree of linear relationship [89]. 
Accordingly, when the coefficients between 0.6 and 0.8 are considered as "good" and 0.8–1.0 as "high" levels of correlation, the 
following evaluations were made. 

RCBP replacement level (%): a negative relationship with slump-flow and L-box height ratio with a high correlation coefficient; a 
positive relationship with V-funnel flow time with a good correlation coefficient. 

FA replacement level (%): a positive relationship with slump-flow and L-box height ratio with a high correlation coefficient; a 
negative relationship with V-funnel flow time with a high correlation coefficient. 

HRWRA level (%): a negative relationship with slump-flow and L-box height ratio with a good correlation coefficient; a positive 
relationship with V-funnel flow time with a good correlation coefficient. 

Curing time (T): a positive relationship with flexural strength with a high correlation coefficient; a positive relationship correlation 
with compressive strength with a good correlation coefficient. 

3.2.7. Internal structure analysis 
Microstructural analysis of the HSSCC series has a significant impact on the evaluation of the properties of concrete components, 

such as strength and durability. Internal structure analysis by SEM is useful to better understand the performance of concrete and the 
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surface morphology of cement paste. 
SEM (x3000 magnification) and Energy Dispersive X-ray (EDX) analyses of the C series samples at 28 and 90 days are shown in 

Fig. 23. As seen in Fig. 23 a, the amount of microcracks observed at early ages (28 days) decreased as the curing time progressed (90 
days). Series C reached a more compact internal structure after 90 days of curing. Thus, the amount of C-S-H and C-H structures 
obtained as a result of hydration reactions increased. The probability of large voids during mixing and placement in HSSCC production 
is much lower than in conventional vibrated concrete. As can be seen in Fig. 23, no large voids were observed in the C series. The 
interfacial transition zone (ITZ) between cement paste and aggregate is one of the important factors affecting the mechanical prop
erties of concrete. As the curing period increased from 28 days to 90 days, hydration progressed, microcracks decreased, the porosity of 
the ITZ decreased, and its thickness decreased. This was considered to contribute to the improvement of compressive and flexural 
strengths by creating a strong bond between aggregate and cement paste. 

As the curing age of the HSSCC series increased, the hydration process in the matrix progressed, and dense hydration products and a 
few pores were formed. From EDX analysis, at early curing ages (28 days), the structure containing less calcium (Ca) can be seen, while 
at later ages (90 days), the presence of silica (Si) reached a noticeable level. EDX analysis includes mainly Ca, Si and Al spectra, along 
with other elements. Since about half of the EDX line is located above the aggregate surface, ITZs were detected and approximately 
marked on the SEM images. 

SEM (x3000 magnification) images of HSSCC specimens with FA and RCBP series at 28 and 90 days are shown in Figs. 24 and 25. As 
shown in Figs. 24 and 25, the amount of visible voids and microcracks in the internal structure of the series increased as the FA and 
RCBP replacement ratios in the HSSCC mixtures increased and decreased as the curing time increased. Microcracks in concrete are 
especially prevalent in ITZs. This is mainly due to poor hydration process and insufficient gel formation between cement paste and 
aggregate [90]. 

From the SEM analysis, it is observed that the internal structure of the FA10 series is more compact and compliant in all regions 
than the other FA-substituted series. This can be interpreted as a strong bond between the aggregate grains and the binder phase pulp of 
the FA10 series. From the SEM images (Fig. 24c and 24f) of the 28 and 90-day samples of the FA20 series, which has the highest FA 
replacement, it is determined that the amount of unreacted (spherical and smooth) or partially reacted FA particles is high, and the 
number and width of microcracks are higher than the other FA series. In addition, it was found that the number of unreacted or 
partially reacted FA particles observed in 28-day SEM images of FA series decreased at the end of 90 days, and coating layers (CSHs) 
were formed on them with the effect of pozzolanic reaction [91,92]. The inadequate reaction of FA at 28 days may also be a reason for 
the decrease in the compressive strength of the mixture with the addition of high amounts of FA to HSSCC [71]. Furthermore, as seen in 
Fig. 24e and 24 f, FA is found to contain a significant proportion of particles with hollow spheres. When these hollow spherical particles 
are partially dissolved, they can form highly dispersed small-sized pores. However, the SEM images (Fig. 24b and 24 c) also show the 

Fig. 19. Relationships between 28 and 90 day water absorption values and compressive strengths of HSSCC series.  

Table 4 
Statistical analysis of strength test results.  

Dependent variable Independent variable Statistical parameters 

Sequential sum of squares Mean square Computed F P-value Contribution 

Compressive strength RCBP replacement level (%) 240.849 80.283 55.974 0.000 37.9%  
FA replacement level (%) 133.342 44.447 30.989 0.000 21%  
Curing time, (day) 244.475 122.238 85.225 0.000 38.4%  
Error 17.211 1.434 – – 2.7%  
Total 635.878 – – – – 

Flexural strength RCBP replacement level (%) 2.920 0.973 12.735 0.005 9.5%  
FA replacement level (%) 0.850 0.283 3.707 0.081 2.8%  
Curing time, (day) 26.606 26.606 348.121 0.000 86.3%  
Error 0.459 0.076 – – 1.4%  
Total 30.835 – – – –  
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increasing width of the ITZ, which can be considered as the reason for the decrease in strength as well as higher water absorption and 
increased amount of porosity. The high workability resulting from the replacement of FA in HSSCC increases the homogeneity of the 
hardened concrete. This can be considered as contributing to the increase in flexural strength of FA10 and FA15 by strengthening the 
interlocking bond between cement paste and aggregates. In addition, observed in the SEM images of the FA-replacement series 
(Fig. 24), FA particles, which are completely unreacted and spherical in shape, fill the voids and form denser packing in the matrix 

Fig. 20. Relationships between prediction and experimental results of HSSCC series; (a) CS, (b) FS, (c) Slump-flow, (d) V-funnel, (e) Lbox.  

Fig. 21. Pearson correlation matrices of the determined design parameters and HSSCC series machinability test results; (a) SF, (b) VF, (c) L-box.  

Fig. 22. Pearson correlation matrices of the determined design parameters and HSSCC series mechanical test results; (a) CS, (b) FS.  
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phase, which has been evaluated in several studies [80,92] as contributing to the strengths. 
FA can eliminate the growth of calcium hydroxide or convert calcium hydroxide to C-S-H by a pozzolanic reaction. FA particles in 

the concrete mix react with CH over time to form C-S-H gels, and this process continues for years [93]. Furthermore, pozzolanic re
actions provide HSSCC with fine pore structure, low permeability, long-term strength-gaining properties and reduction of the thickness 
of ITZ [80]. Thus, the bond strength between cement paste and aggregate is also increased. As shown in Fig. 24, the thickness of the 
ITZs in the FA series at the end of 90 days of curing became thinner and stronger compared to the 28-day series. 

It was observed that the internal structure of the RCBP10 series was more compact and coherent in all regions than the other RCBP 
series, and the C-S-H gels formed were better distributed with strong ITZ formation (Fig. 25a, 25d). This is considered to be the reason 
for the higher mechanical strengths of the RCBP10 series. 

SEM images at x5000 magnification and EDX analysis of C, RCBP10 and FA10 series, which reached the highest mechanical 
strengths among the HSSCC series, are shown in Fig. 26. At the end of 90 days, the highest amount of Si in the HSSCC series is observed 

Fig. 23. SEM - EDX analysis of control (C) series; (a) 28 days, (b) 90 days.  

Fig. 24. SEM analyses of FA-substituted HSSCC series; (a) 28 days FA10, (b) 28 days FA15, (c) 28 days FA20, (d) 90 days FA10, (e) 90 days FA15, (f) 90 days FA20.  
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in RCBP10. The concrete matrix with 10% RCBP replacement in HSSCC contains relatively dense hydration products and the least 
number of pores compared to the other series, showing a denser microstructure than the internal structure of the HSSCC specimen with 
C series. The EDX pattern presented in Fig. 26 a shows the highest proportions of elements in the control (C) series. As is well known, 
EDX is used to identify the element on material surfaces and provide information on its quantitative composition. Fig. 26 a shows that 
the main elements in the C series are calcium, silicon and aluminum. The presence of FA in the FA10 series increased the high Si 
content of the mixture and led to the production of more C-S-H gels, the main product of the pozzolanic reaction. It was also observed 
that spherical FA particles filled the matrix pores, and C-S-H gels adhered to the FA surface, forming a relatively compact structure. 
EDX analysis revealed the most dominant elements. Accordingly, Ca and Si concentrations in the RCBP10 series are higher than in the 
C and FA10 series. The presence of more Ca and Si in the concrete matrix can be interpreted as the formation of a significant amount of 
C-S-H gel in the HSSCC mix [81]. 

4. Conclusions 

The following results were obtained within the framework of the experimental and statistical works carried out to investigate the 

Fig. 25. SEM analyses of RCBP-substituted HSSCC series; (a) 28-day RCBP10, (b) 28-day RCBP15, (c) 28-day RCBP20, (d) 90-day RCBP10, (e) 90-day RCBP15, (f) 90- 
day RCBP20. 

Fig. 26. SEM and EDX analyses of HSSCC series at x5000 magnification (a) 90-day C, (b) 90-day RCBP10, (c) 90-day FA10.  
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usability of RCBP obtained by recycling brick and tile waste in CDWs as a cement substitute in HSSCC and to compare it with the use of 
FA, an industrial waste. In this context;  

• The highest workability values in the HSSCC series were realized in FA20 compared to the C series, while the lowest was realized in 
RCBP20. While FA, which is used instead of cement in HSSCC, is composed of completely spherical and smooth surface particles, 
which increased the workability, the irregular, rough structure of RCBP and its higher specific surface area than cement decreased 
the workability.  

• Among the HSSCC series, the compressive strengths of FA15, FA20 and RCBP20 series were below series C at all curing times. This 
was attributed to the decrease in the amount of C-S-H gels and C-H due to the decrease in the cement content in the mixture and the 
low bonding between aggregate and paste, as observed from SEM analysis.  

• After 90 days of curing, the compressive strengths of RCBP10 and RCBP15 increased by 5.6% and 1%, respectively, compared to the 
C series. This is due to the micro-filling ability of the substituted RCBP and the formation of better hydration products, which were 
detected in SEM and EDX analyses.  

• In general, the increase in FA and RCBP used in the HSSCC series decreased the 28-day compressive strengths (except RCBP10), 
while the strength losses gradually decreased as the curing age increased and at the end of 90 days; the compressive strengths of 
FA10, RCBP10 and RCBP15 series were obtained above the C series.  

• Similar to the compressive strengths, the flexural strengths of the HSSCC series at the end of the first 28 days decreased in all series 
except RCBP10. After 90 days of curing, the flexural strengths of RCBP10 and RCBP15 increased by 16.3% and 5.8%, and FA10 and 
FA15 increased by 3.5% and 7%, respectively.  

• The apparent porosity of the HSSCC series decreased with increasing curing time and ranged between 1.7 and 2.4% at the end of 90 
days. At the end of 90 days of curing, the apparent porosity and water absorption values of the FA10, RCBP10 and RCBP15 series, 
which had the highest mechanical strength values, also reached lower values than the C series.  

• The results of the statistical evaluation showed that RCBP replacement ratio (%), FA replacement ratio (%) and curing time had a 
significant effect on the compressive strength of HSSCC by 37.9%, 21% and 38.4%, respectively.  

• From SEM analysis, it was determined that hydration in series C progressed, microcracks decreased, and ITZ porosity decreased 
with the increase in curing time from 28 days to 90 days. The number of visible voids and microcracks formed in the internal 
structure of the series increased as the FA or RCBP replacement rates in HSSCC mixtures increased and decreased as the curing time 
increased. However, it was observed that HSSCC matrices with 10% FA or RCBP replacement contained more dense hydration 
products and fewer pores than the other series at the end of 90 days. 
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Ahmet Ferdi Şenol: Writing – review & editing, Writing – original draft, Visualization, Validation, Supervision, Methodology, 
Investigation, Formal analysis, Data curation, Conceptualization. Cenk Karakurt: Writing – review & editing, Validation, Supervision, 
Methodology. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Data availability 

Data will be made available on request. 

References 

[1] S.K. Mezzal, Z. Al-Azzawi, K.B. Najim, Effect of discarded steel fibers on impact resistance, flexural toughness and fracture energy of high-strength self- 
compacting concrete exposed to elevated temperatures, Fire Saf. J. 121 (May 2021) 103271, https://doi.org/10.1016/J.FIRESAF.2020.103271. 

[2] H. Okamura ve, M. Ouchi, Self-compacting concrete, J. Adv. Concr. Technol. (2003) 5–15. 
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