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ARTICLE INFO ABSTRACT

Keywords: This study focused on the reliability assessment of ground-granulated blast furnace slag (GGBS)
Reliability and cow bone ash (CBA) based geopolymer concrete (GPC). To produce the GPC, sodium silicate
Geopolymer concrete (NaySiO3) was mixed with sodium hydroxide of 12M at a 2.5:1 ratio and used as the alkaline
Conventional concrete activator. The mechanical properties of the GPC were examined at 7, 14, 28, 56, and 90 days of

Service life
Wastes
Mechanical properties

ambient curing. Microstructural analyses were also carried out to investigate the microstructural
properties that influence the mechanical performance of the GPC. Following these, a reliability
assessment was carried out to establish the reliability of GPC using the constant failure model
method. The results of the mechanical tests showed that GPC with GGBS composition that is >
60% and CBA that is < 40% performed better than the conventional concrete. At 28 days of
curing, the GPC optimum mix attained a compressive strength of 40.13 MPa against 33.14 MPa
attained by the conventional concrete. Also, the reliability analyses established that GPC mixes
with GGBS composition that is > 60% and CBA that is < 40% are reliable up to the expected 50
years of service for structures. Hence, GPC is reliable as well as conventional concrete.

1. Introduction

Concrete is the most widely used construction material globally. This makes concrete structures one of the most existing structures
in many countries of the world. Annually, about thirty billion tons of concrete is produced globally, which is expected to have an
uptrend with time [1]. This is no surprise given the global rate of population growth and urbanization. While cement is the major
component in concrete production, it contributes about 7% of the total carbon dioxide (CO3) released into the atmosphere yearly [2].
The release of CO3 to the atmosphere from cement production is rather on the increase on daily basis due to the continuous demand for
cement in the construction of concrete structures. The high carbon footprint concern of concrete has led to the discovery of novel
concrete such as geopolymer concrete (GPC), which is said to stand out as a sustainable concrete among other concrete types due to its
zero cement usage [3].

Geopolymer concrete (GPC) is produced through the utilization of silica and alumina-rich waste materials such as rice husk ash
(RHA), slag, metakaolin, and fly ash [4-6]. The alumino-silica content in the source materials reacts with alkaline activators to form
geopolymer binders [7-11]. Sequence to the elimination of cement usage in geopolymer concrete, CO2 emission and waste deposit in
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Fig. 1. Materials used.

the society is substantially reduced [12,13]. In recent times, the use of GPC in the construction industry has increased due to the
necessity to combat air pollution and global warming [14]. Even though GPC has not gained global popularity and implementation in
the construction industry, it has been used for the construction of structures such as reinforced box culverts, foundations, bridges,
pavements, pipes, and precast structural members around the world [15]. Some other structures such as the Brisbane wellcamp airport
[16], a 20-storey residential building, Lipetsk [17], a 9-storey residential building in Ukraine [18], and a residential building [19] were
constructed using GPC.

One of the recent studies on GPC is the research of Zhang et al. [20], where the effect of different molar ratios of SiO2/Na3O on the
mechanical properties of metakaolin-fly ash-based alkali-activated mortar was investigated. The findings showed that Si03/NayO of
1.2 demonstrated the highest flexural, split and compressive strength, as well as elastic modulus. Zhang et al. [21] also investigated the
effect of polyvinyl alcohol fiber reinforcement and elevated temperature on metakaolin-fly ash-based geopolymer mortar. The findings
from this study showed that an increase in temperature exposure from 25 °C to 200 °C improved the mechanical properties of the
geopolymer mortal as well as the presence of polyvinyl alcohol fiber reinforcement. Jayarajan & Arivalagan [22] also incorporated
steel fibres in the development of GPC using GGBS and fly ash as source materials. The curing of the samples was observed between 3
and 28 days. The findings of the study also confirm that the mechanical properties of GPC are improved with an increase in curing days,
GGBS and steel fibre composition.

Generally, geopolymer concrete has been established to have better mechanical performance [23], lower CO, emission [24], better
fire resistance [25], higher acid attack resistance [26], and less prone to freeze and thaw cycle [27] when compared to the conventional
concrete. Nevertheless, a major gap that has been identified in the production of GPC is that there is no design standard for its pro-
duction [28,29] as researchers have used design standards for conventional concrete as a reference in the past. Meanwhile, to establish
a design code of practice, reliability assessment is a vital and basic requirement [30]. Presently, the reliability of conventional concrete
has been established across past studies [31-35] but there is no footprint on the reliability of GPC for satisfactory performance during
its service life. To this end, the aim of this study is to carry out a reliability assessment of ground granulated blast furnace slag and cow
bone ash-based geopolymer concrete as a step toward actualizing a design code of practice for GPC. Before now, cow bone ash (CBA)
has been successfully utilized in concrete production but not in GPC. Its utilization in GPC production in this study is hinged on its
availability as animal waste in Nigerian abattoirs (more than a million tons annual generation) [36]; its chemical composition that is
similar to that of cement [19,23]; reports from its usage in concrete which show satisfactory mechanical performance and improved
resistance to acid attack [36-47]. Hence, the utilization of CBA in this study contributes toward the actualization of sustainable
development goals. Therefore, this study developed GPC using CBA and GGBS as source materials, and the reliability assessment of the
same was carried out using the constant failure rate model.

2. Materials and methods

2.1. Materials

The wastes utilized in this study as source materials are ground granulated blast furnace slag (GGBS) and Cow Bone Ash (CBA)
while the alkaline activators are sodium silicate (NaySiO3) and sodium hydroxide (NaOH). River sands and granites were utilized as
fine and coarse aggregates respectively. Portland limestone cement of grade 42.5 was used to produce conventional concrete. Mas-
terRheobuild 858 was used as superplasticizers. The GGBS was obtained from African Refractory and Allied Products Limited which is
located at Km 46, Ikorodu Shagamu road, Ogijo, Ogun State in Nigeria (6°32'00.2"” N 304'42.6" E) while the Cow bones were obtained
from Sokoto slaughter in Nigeria (13°04'27.5” N 5°13'33.1” E). The GGBS was crushed with an abrasion machine and sieved with a 75
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Table 1

Oxides composition of materials.
Sample SiO,y Al,O3 Fe,03 CaO MgO SO3 K,0 Na,O LOI
OPC 18.78 4.44 3.25 69.53 1.84 1.12 0.16 0 1.85
GGBS 32.95 10.12 1.52 45.66 7.78 0.73 0.23 0.13 1.02
CBA 14.65 13.96 2.94 62.24 1.95 0.95 0.93 0.75 1.65

WD Mag Hi Mag Hy  HFw Pressure

) 02 )
92MM 9,000x | 20k 126um 70Pa 10um 19.40:52AM 10.6MM 8.000x 20KV 12.4um 70Pa 20um

Fig. 2. SEM Images of materials (a) Cement (b) GGBS (c) CBA.

Table 2

Particle size distribution of coarse aggregates.
S/N Sieve Size (mm) Soil Retained (g) Cumulative retained (g) % Mass Retained % Passing
1 25.00 0.00 0.00 0.00 100.00
2 19.00 21.00 21.00 2.10 97.90
3 12.50 427.00 448.00 44.84 55.16
4 9.50 282.00 730.00 73.07 26.93
5 6.30 219.00 949.00 94.99 5.01
6 4.75 39.00 988.00 98.90 1.10
7 Pan 11.00 999.00

Table 3

Particle size distribution of fine aggregates.
S/N Sieve Size (mm) Soil Retained (g) Cummulative retained (g) % Mass Retained % Passing BS Limits
1 4.75 5 5 1 99 89-100
2 2.36 15 20 4 96 60-100
3 1 161 181 36.2 63.8 30-100
4 0.6 104 285 57 43 15-100
5 0.3 133.5 418.5 83.7 16.3 5-70
6 0.15 60.5 479 95.8 4.2 0-15
7 0.075 18 497 99.4 0.6 NA
8 Pan 3 500

pm sieve opening. The CBA was also sun-dried and subjected to controlled burning at 600 °C [36]. The bones were crushed using an
abrasion machine and further sieved with a 75 pm sieve opening. The liquid sodium silicate was obtained from African Fertilizer and
Chemicals Limited plant located in Agbara in Ogun State in Nigeria (6°32/00.2” N 3°04'42.6" E) while the sodium hydroxide pellets
were purchased from Allschoollabs that is located in 104 Western Avenue, Ojuelegba, Lagos State in Nigeria (6°30'34.2” N 3°21'45.6"
E). The superplasticizer was provided by Master Builders Construction Chemicals Solutions Nigeria Limited which is located at 1,
Iupeju Bypass, Ilupeju, Lagos in Nigeria (6°32'41.4” N 3°21'26.9” E). The fine and the coarse aggregates were obtained from local
suppliers within the locality of Ota, Ogun State, Nigeria. The fine aggregates that were used passed through a 4.75 mm sieve opening
while the coarse aggregates passed through a 19 mm sieve opening. The properties of the fine and coarse aggregates were examined
following BS EN 12620 [47]. The specific gravity of the cement, GGBS, CBA, fine aggregate, and coarse aggregate were 3.12, 3.0, 2.58,
2.66, and 2.75 respectively. The water absorption values of the fine and the coarse aggregates were 1.6% and 0.98% respectively. The
fineness of cement, CBA, and GGBS was 2%, 1.4%, and 1.5% respectively. Fig. 1 and Table 1 show the pictures of the materials used
and the chemical compositions of the source materials used while Fig. 2 shows the SEM images of the source materials. The oxide
compositions of the source materials are similar to the chemical composition of materials used by other researchers in previous studies
[23,44,46,48-53]. Similarly, the SEM images of the source materials produced at 9000x magnification are shown in Fig. 2. The SEM
image of cement shown in Fig. 2a revealed a high specific surface area and fineness, which can cause high reactivity and density [54].
The image of the GGBS shown in Fig. 2b also revealed dense, and irregular-shaped particles [44,55], and Fig. 2c shows the SEM image
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Table 4

Mix design of M30 GPC.
Mix ID GGBS (kg/m®) CBA (kg/m®) OPC (kg/m®) FA (kg/m®) CA (kg/m%) Water (kg/m®) SH (kg/m®) SS (kg/m®)
Control 0 0 466.67 681.56 1034.73 210 0 0
G100C0 466.67 0 0 681.56 1034.73 - 60 150
G80C20 373.34 93.33 0 681.56 1034.73 - 60 150
G60C40 280 186.67 0 681.56 1034.73 32.67 60 150
G40C60 186.67 280 0 681.56 1034.73 65.33 60 150
G20C80 93.33 373.34 0 681.56 1034.73 98.01 60 150
GOC100 0 466.67 0 681.56 1034.73 98.01 60 150

FA - Fine Aggregate; CA — Coarse Aggregate; SH- Sodium Hydroxide; SS — Sodium Silicate; OPC — Ordinary Portland Cement; GGBS — Ground Granulated Blast Furnace
Slag; CBA — Cow Bone Ash; w/b - water to binder ratio = 0.45; b/agg - binder to aggregate ratio = 0.27.

Casting

Compressive Split Tensile Flexural Strength Samples

Strength Test Test
Test

Fig. 3. Experimental procedures and tests.

of CBA to be porous, less dense, and irregular and flaky-shaped [54].

The fine aggregates passed through a 4.75 mm sieve opening while the coarse aggregate passed through a 25 mm sieve opening.
Tables 2 and 3 present the particle size distribution of the fine and coarse aggregates respectively.

The sizes of the fine aggregates and the coarse aggregates are within the limits specified in BS EN 882 [56]. The sodium silicate had
specific gravity, Na,O, SiO2, NayO: SiO,, and total solids of 1.56, 15.40, 30.81, 1:2.00, and 46.21%, respectively. The chemical
composition of the Na;SiO3 meets the recommendation of Patankar et al. [45].

2.2. Mix design

The mix design adopted for this study is shown in Table 4. The mix was designed to attain a target strength of 30 N/mm? at 28 days
of curing. Presently, GPC has no design standard to guide production [29,57]. Hence, BS DOE [38] was followed as in previous studies.

The water/activator to cement/binder ratio was fixed at 0.45 while NaySiO3 to NaOH ratio was fixed at 2.5. The superplasticizer
was also fixed at 1.5% of the binder content for the control samples and 7% for the GPC samples due to the high water demand of the
mixes [58].

2.3. Preparation of alkaline activator

Sodium hydroxide solution of 12 M, being the optimum concentration for geopolymer concrete [39], was prepared following
standard laboratory procedures. A total of 480 g of sodium hydroxide pellets was dissolved in water. More water was then added to the
sodium hydroxide solution till it reached 1 L. The sodium hydroxide solution was prepared 24 h before the casting of the GPC. The 24 h
rest period was to allow the sodium hydroxide solution to give off its heat [29,57]. Sodium silicate was mixed with sodium hydroxide
after 24 h in a ratio of 2.5:1.

2.4. Mixing, casting, and experimental tests

The mixing of the GPC was done manually, nevertheless, appropriately and rigorously to attain homogeneity. The batching was
done by weight method. The proportioning of the source materials followed the recommendations from previous studies [39,48,
59-67]. CBA substitution interval was used as recommended by Olutaiwo et al. [68]. Slump tests and compaction factor tests were
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Fig. 4. Fresh properties (a) extra water demand (b) slump and compaction factor.

carried out on the fresh GPC and the conventional concrete following BS EN 12350-2 [69] and BS EN 12350-4 [70] respectively. The
geopolymer concrete was cast following British Standard 1881-Part 125 [71] and British Standard EN 12390-2 [72]. The fresh
geopolymer concrete was filled into the mold in 3 layers and each layer was compacted 25 times with a tamping rod. The mold was
properly vibrated to ensure proper compaction and void removal. The samples were demolded after 24 h and cured for 7, 14, 28, 56,
and 90 days in ambient curing temperatures that ranged between 20 °C and 22 °C. At 28 days of curing, density tests were carried out
on the hardened cubes (150 mm x 150 mm x 150 mm) following BS EN 12390-7 [73]. The hardened cubes and cylinders (150 mm
diameter x 300 mm) were subjected to compressive and split tensile strength tests at 7, 14, 28, 56, and 90 days using a compressive test
machine of 2000 kN capacity. A flexural strength test machine was also used to test for the flexural strength of the hardened beams
(100 mm x 100 mm x 500 mm). The compressive strength test, split tensile test and flexural strength test of the samples were all
carried out following BS EN 12390-3 [74], BS EN 12390-6 [75], and BS EN 12390-5 [76] respectively. A total of 105 cubes, beams,
and cylinders were cast and crushed. Fig. 3 shows pictures of experimental procedures and tests carried out in this study. To identify
the chemical composition of the source materials and the surface morphology of the hardened samples, X-ray fluorescence equipment
(Phillps PW-1800) and scanning electron microscope equipment (JOEL-JSM 7600F) were used respectively.

2.5. Reliability analysis
The probability of survival of the GPC was established using Eq. (1).

F(t)=Pr{T <1} (€}

where T is assumed to be the continuous random variable with a condition that t has occurred.
The cumulative density function of the survival function relates to a convenient equation to work with as expressed in Eq. (2).

S() =PH{T > 1} =1 — F(1) = / " fdx %)

The hazard function was further established using Eq. (3).

Pr{r<T <t T >t
l(l)zyné r {t < <dt+d\ >t}
1—

(3)

The reliability index was further established using the constant failure rate reliability model [55,77]. The probability density
function of the distribution is defined in Eq. (4).

flO)y=2e™ (€]

where A is the failure rate and t represents time (years).
The reliability function is defined in Eq (5).

Reliability = e )

3. Results and discussion

3.1. Properties of materials

3.1.1. Fresh properties
Fig. 4 presents the fresh properties of the mixes used in this study. The extra water, slump, and compaction factor values are
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illustrated in Fig. 4a and b respectively.

The demand for extra water was observed to increase as the CBA composition in the mixes increased. Similarly, the slump of the
mixes reduced as the CBA composition increased and it increased as the GGBS composition increased. The demand of the mixes with
higher CBA content for more water is due to the higher fineness and water absorption of CBA over GGBS [44,78]. This study is further
supported by the study of Getahun & Bewket [78] where CBA was used to replace cement in concrete production. The mixes with high
CBA composition required much water and hence a lower slump. A similar trend was observed in the study of Olutaiwo et al. [44] and
Lamidi et al. [79]. The slump values of the GPC mixes G100C0, G80C20, G60C40, G40C60, G20C80, and GOC100 were 22 mm, 18 mm,
24 mm, 28 mm, 45 mm, and 36 mm respectively while the GPC mixes had compaction factor values of 0.976, 0.971, 0,974, 0.9791,
0.9891 and 0.9841. The linear relationship observed between slump and compactor factor test results in this study agrees with the
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trend observed in the study of Zuaiter et al. [80] where slump and compactor factor test results of slag and fly ash-based GPC were
compared.

3.2. Hardened properties

The results obtained from carrying out density tests, and compressive, flexural, and split tensile strength tests on the hardened
samples are illustrated in Figs. 5-8. The density of the hardened cubes reported in Fig. 5 shows that the density of the GPC is lower than
that of the conventional concrete. Also, the densities of the GPC samples with high GGBS composition were higher than the densities of
the samples with high CBA composition. This is because the specific gravity of GGBS is higher than the specific gravity of CBA.

From Figs. 6-8, the strength of the geopolymer concrete increased with an increase in the composition of GGBS [81] and it
decreased with an increase in the composition of CBA [44]. The observation on the effect of GGBS on the mechanical properties of the
GPC is in agreement with the results from the study of Kumar, Pankar, Manish & Santhi [64] where the strength of GGBS-based GPC
increased with an increase in GGBS composition. Similarly, an improvement in mechanical properties was also observed with an
increase in GGBS composition in the study of Shobha & Hadole [82]. The strength of the geopolymer concrete also increased with an
increase in the curing age. This is in alignment with the observation of mechanical properties trend in the study of Rao & Kumar [83]
where GGBS-based GPC was developed. The strength of the GPC also increased with an increase in the curing ages of the GPC. This
trend also agrees with the report of Rajini & Shashidhar [65] where the strength of the GPC was investigated for 90 days. The rate of
strength development decreased as the CBA composition increased and it also decreased at subsequent curing days after 28 days of
curing. This is because geopolymerization process of geopolymer concrete is almost complete at 28 days of ambient curing and 7 days
of heat curing [84]. The reduction in strength rate observed in this study is in agreement with the results reported in the study of Rajini
& Shashidhar [65]. The effect of GGBS and CBA composition is valid for compressive strength, flexural strength, and split tensile
strength. The increase in GGBS composition that caused the increase in strength is due to increased reactive activities of GGBS, which
facilitated the formation of sodium alumino-silicate hydrate (N-A-S-H) gel and calcium alumino-silicate hydrate (C-A-S-H) gel and
hence, accelerated geopolymeric reaction [25]. Meanwhile, in line with this study, the trend observed with mechanical properties of
the GPC when the composition of CBA increased is similar to the trend observed in previous studies where the composition of other
source materials increased against the composition of GPC [64]. The average compressive strength of the geopolymer concrete cubes
illustrated in Fig. 6 attained 33.44 MPa, 47.19 MPa, 44.85 MPa, 40.13 MPa, 31.13 MPa, 20.00 MPa, and 10.68 MPa for Control,
G100C0, G80C20, G60C40, G40C60, G20C80, and GOC100 respectively at 28 days of curing. Hence, mixes with 60% GGBS
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composition and above perform better than conventional concrete of the same mix and this is further supported by the findings of
Preethi, Sintha, Raj, Tamilarasan & Vinith [85]. The results obtained from the mechanical tests established G60C40 as the optimum
mix in this study.

3.3. Microstructural analyses

Fig. 9 presents the SEM-EDX and XRD of the control experiment while Fig. 10 shows the SEM-EDX of the G60C40 sample.

The image of the internal structure of the conventional concrete that was produced at 9000x as shown in Fig. 9, shows some internal
cracks which could have developed from the stress caused in the structure during the crushing phase of the concrete [86]. The image
reveals the presence of ettringite. The ettringite is a common mineral formed in concrete due to cement hydration [87]. The internal
structure of G60C40 shown in Fig. 10 was produced at 8,000x magnification. The image revealed the bonding within the internal
structure of the geopolymer concrete. According to Kallesten et al. [88], higher internal cohesion results in higher strength. The
micro-cracks developed in the internal structure could develop due to the internal stresses that resulted from the crushing of the GPC
samples as in the control [86]. The structure of G60C40 GPC also contains partially reacted particles as a result of the low reactivity of
CBA when compared to GGBS. The higher the composition level of GGBS in the GPC structure, the higher the geopolymerization [89].
The EDX chart of the control experiment shown in Fig. 9b revealed high peaks of O and Ca. The high Ca content confirms the high Ca
content revealed by the chemical composition of cement. The results from EDX analysis of the G60C40 show the presence of Si, Ca, Na,
Al, and O. This established the formation of N-A-S-H gel and N-A-S-H gel, which exist together. The EDX result of the G60C40 GPC
products further confirms the chemical composition of the constituent materials. The SiO5 composition level in natural sand is above
60% and about 20% in the mixture of NaOH and NaySiO3 while it is about 30% in NaOH [90] and above 60% in gravel [91]. The
presence of SiO5 in GGBS, CBA, sand, gravel, and Na,SiO3 explains the reason for the dominant composition of Si revealed in the EDX
results of G60C40.

The XRD pattern of the control experiment in Fig. 9c shows several humps of calcium silicate, calcium hydroxide, silica, and
ettringite between 20 = 10 and 26 = 80. The Ettringite revealed in the XRD pattern of the control sample confirms the ettringite
shown in the SEM image of the control sample. The humps, calcium silicate, calcium hydroxide, and silica as observed in the XRD
pattern of the G60C40 GPC shown in Fig. 10c were between 20 = 20 and 26 = 70. The quartz formed in the G60C40 GPC sample is
more intense because of the matrix of sand particles [92]. The broad humps seen in the pattern of the geopolymer matrix establish the
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formation of amorphous geopolymer matrixes [93].

3.4. Reliability of GPC

The lines labeled 1,2,3,4,5,6 and 7 denote G100C0O, G80C20, G60C40, G40C60, G20C80, GOC100 and control respectively in
Fig. 11. G100CO is revealed to have the highest survival probability. The survival probability of the GPC reduced from G100CO to
GOC100. The survival probability of G100C0, G80C20, and G60C40 are higher than the survival probability of conventional concrete.
Nevertheless, the survival probability of G40C60, G20C80, and GOC100 is lower than that of the control experiment. The reliability
indexes established for the GPC and the conventional concrete are shown in Fig. 12 (a)-(g).

G100C0 exhibited a satisfactory level of reliability up to 65 years of operation while the GB0C20 exhibited a satisfactory level of
reliability within operation life that is greater than 60 years but less than 65 years. Meanwhile, G60C40 exhibited a satisfactory level of
reliability within an operation period beyond 55 years but less than 60 years while the G40C60 exhibited a satisfactory level of
reliability within an operation period of 50 years. G20C80 exhibited a satisfactory level of reliability within the years of operation
beyond 40 years but less than 45 years of operation while GOC100 exhibited a satisfactory level of reliability within operation time
beyond 35 years but less than 40 years of operation. Based on the expected 50 years of service life of structures, G100C0, G80C20,
G60C40, and G40C60 GPC are reliable for up to 50 years of service life of structures. Similarly, the trend observed in the study of
Ibrahim et al. [94] where the constant failure rate method was used to assess the reliability of heated rubber tyre concrete, agrees with
the findings in this study. Reliability assessments relate practical approaches to verify the safety of designs that are used in fields of
engineering by establishing relationships between uncertainties that influence the degree of safety of a structure. It also evaluates the
relationship between uncertain parameters that affect design parameters and performance measures. When a reliability assessment is
carried out, a reliability index (B) that helps to make safe-level decisions is established [95].

4. Conclusion
Having successfully carried out reliability analyses of GPC developed using GGBS and CBA, the following conclusions are drawn:

i. The combination of GGBS and CBA can be utilized as supplementary materials to produce GPC. Nevertheless, the strength of the
GPC depends on the ratio of the combination. To produce GPC with higher strength compared to conventional concrete of the
same mix, GGBS content should be > 60% and the CBA content should be < 40%.

ii. The density of GGBS and CBA-based GPC is lower than the density of conventional concrete.

iii. The strength of the GPC increases with an increase in GGBS composition and curing period, and it decreases with an increase in
CBA composition. Meanwhile, the rate of strength development of the GPC decreases after 28 days of curing and with an in-
crease in CBA composition.

iv. GPC is reliable for satisfactory performance up to the expected 50 years of service life of structures.
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