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ABSTRACT 

This study evaluates hybrid partial replacement of conventional coarse aggregate with pumice and 

Ziziphus abyssinica knot (ZAK) to advance sustainable concrete. Aggregates (10-14 mm) were 

characterised by aggregate crushing and impact tests, and hybrid mixes (0-40% replacement) used a 

1:1.8:2.3 mix with w/c = 0.50. Fresh workability (slump, compaction factor), hardened density, and 

compressive, split tensile, and flexural strengths were measured at 7, 14, and 28 days per BS EN 

standards. ZAK demonstrated superior mechanical resistance (ACV ≈ 24.04%, AIV ≈ 18.52%) compared 

with pumice (ACV ≈ 28.40%, AIV ≈ 28.63%). Increasing replacement lowered workability (slump 40-65 

mm) and reduced density, confirming lightweight potential. A 10% hybrid replacement provided the 

optimal balance, delivering mechanical properties close to the control, while 20-30% replacements 

retained acceptable strength for non-critical applications. The hybrid effect pumice supplying porous, 

insulating structure and ZAK improving particle packing and ITZ bonding enabled greater utilization than 

single-material replacements. Use of admixtures is advised to restore workability and enhance durability 

at higher replacement levels. 
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1.0 INTRODUCTION 

Concrete is the cornerstone of modern global infrastructure, prized for its strength and durability. 

However, its environmental and economic sustainability is under critical scrutiny. Aggregates constitute 

60-70% of concrete's volume, making their extraction amounting to billions of tons annually a primary 

driver of resource depletion, landscape degradation, and significant carbon emissions (Rajendra & 

Gokulram, 2017; Přikryl, 2021). This challenge is acute in developing nations like Nigeria, where the 

escalating cost of conventional materials, dependency on imports, and inadequate waste management 

systems severely constrain affordable housing and infrastructure development (Ayedun & Oluwatobi, 

2011; Baba et al., 2015). This pressing context has catalyzed extensive research into sustainable 

alternative aggregates. The paradigm has shifted towards utilizing industrial by-products and agro-waste 

to create a circular economy in construction, reducing the environmental burden while adding value to 
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waste streams (Maraveas, 2020; Ramasubramani & Gunasekaran, 2021). Within this sphere, two locally 

available materials in Nigeria have emerged as particularly promising: Pumice and Ziziphus abyssinica 

Knot (ZAK). 

Pumice, a lightweight, porous volcanic rock, has been established as a viable lightweight aggregate. Its 

use reduces the structural dead load of concrete, offering benefits for thermal insulation and seismic 

design (Evans et al., 1999; Taba, 2015). Research by Idi et al. (2020) systematically evaluated a specific 

Nigerian pumice deposit, concluding it could optimally replace 5% of conventional coarse aggregate 

while still producing structural-grade (C25/30) concrete, with viable replacement extending up to 15%. 

Concurrently, ZAK, derived from the hardy knots of the indigenous Ziziphus abyssinica tree, represents 

an innovative agro-waste aggregate. Characterized by high porosity and low density similar to other 

successful bio-aggregates like palm kernel shell (Efetobor & Oyiboruona, 2023; Xu et al., 2024), ZAK 

offers a pathway to valorize agricultural residue. A recent seminal study by Maina et al. (2025) validated 

its potential, demonstrating that a 5% replacement of coarse aggregate with ZAK also yielded concrete 

meeting the C25/30 strength standard, identifying this as the optimal level. 

A critical synthesis of these two foundational studies reveals a significant and common limitation: both 

identified 5% as the optimal replacement level when used individually. While proving technical 

feasibility, this low replacement ceiling substantially limits the potential environmental and economic 

impact. Replacing only 5% of the total coarse aggregate volume results in a negligible reduction in quarry 

demand and waste utilization. This presents a clear research gap: the need to develop strategies that 

significantly increase the total volume of sustainable aggregate in concrete without compromising 

structural performance. 

This study is premised on the hypothesis that the synergistic combination of Pumice and ZAK can break 

this 5% ceiling. The materials possess complementary physical properties: crushed Pumice is angular and 

highly porous, potentially creating a rigid, interlocking skeletal framework within the concrete matrix. In 

contrast, ZAK particles are smaller, harder, and more rounded, which could allow them to act as an 

effective micro-filler, improving particle packing density and strengthening the critical Interfacial 

Transition Zone (ITZ) by enhancing bond with the cement paste (Scrivener et al., 2004). This hybrid 

system aims to mitigate the individual weaknesses of each material, enabling a higher combined 

replacement ratio while maintaining or enhancing mechanical properties, density, and durability. This 

research pioneers synergistic pumice-ZAK integration beyond single-material studies, engineering novel 

hybrid concrete from local resources for superior sustainability, performance, and cost-effectiveness, 

filling the gap in greener construction. 

 

2.0 METHODOLOGY 

2.1 Materials 

All materials were sourced from Bauchi and Kano States, Nigeria. Coarse aggregate was obtained from 

local quarries in Bauchi metropolis, while fine aggregate was sourced from the Bayara River flow in 

Bauchi State. Ordinary Portland Cement (Grade 53.5) was procured from authorised vendors in Bauchi 

metropolis. Pumice aggregate was collected from Kasuwar Kurmi market in Kano State and underwent 

manual hammer crushing to 10-14 mm size, followed by 48‑hour water soaking and shaded air‑drying. 

Ziziphus abyssinica knot (ZAK) aggregate was sourced from Yana Town, Bauchi State; it was boiled and 

dried for microbial sterilisation and used directly due to its naturally rounded particles. Additional 

materials included acrylic acid and potable water. 

2.2 Aggregate Crushing Value Test 

The aggregate crushing value (ACV) was determined for pumice, ZAK, and normal coarse aggregates 

using the standardised procedure per BS EN 206:2013+A1:2016. The empty mould weight was recorded 

as . Aggregates (passing 14 mm, retained on 10 mm sieve) were compacted in three layers (25 strikes 

per layer with a 16 mm tamping rod); the mould‑plus‑aggregate weight was recorded as . The 
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assembly was crushed in a compression machine for 10-15 minutes. The crushed material was sieved 

through a 2.36 mm sieve; the mass passing was weighed as . The ACV was calculated as: 

 

2.3 Aggregate Impact Value Test 

The aggregate impact value (AIV) was evaluated to assess toughness under sudden impact for runway 

and high‑stress applications. Particles passing a 14 mm sieve but retained on a 10 mm sieve filled a 

standard mould in three layers (25 strokes per layer). A 14 kg hammer was dropped 15 times from a 

height of 380 mm. The resulting fines were sieved through a 2.36 mm sieve; the initial sample weight was 

recorded as  and the fines weight as . The AIV was calculated as: 

 

2.4 Workability 

Fresh concrete workability was assessed via slump and compaction factor tests per BS EN 12350-2:2009. 

Slump (mm) was measured as the settlement of a standard cone. The compaction factor (CF) was 

determined as the ratio of partially compacted to fully compacted concrete density: 

 

 

2.5 Density Test 

The density of hardened concrete specimens was determined prior to mechanical testing. After curing 

periods of 7, 14, and 28 days, specimens were weighed on an electronic balance. Density was calculated 

as mass divided by volume (kg/m³): 

 

2.6 Compressive Strength Test 

Compressive strength tests followed BS EN 12390-3:2009 using a 1:1.8:2.3 (cement:fine:coarse) mix 

ratio at a 0.5 water‑cement ratio. Hybrid pumice‑ZAK replaced conventional coarse aggregate portions; 

acrylic acid was added proportionally to the cement weight. 150 mm cubes were cast, cured, and crushed 

at 7, 14, and 28 days (three cubes per mix to obtain an average). The compressive strength was calculated 

as: 

 

where = failure load (N), = cross-sectional area (mm²). 

2.7 Split Tensile Strength Test 

Split tensile strength was determined on cylindrical specimens per BS EN 12390-6:2009 via diametral 

loading. Each cylinder was positioned horizontally between the platens until failure. The tensile strength 

was calculated as: 
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where = maximum load (N), = length (mm), = diameter (mm). Results report to nearest 0.05 MPa. 

2.8 Flexural Strength Test 

Flexural strength (modulus of rupture) of concrete beams was determined under two‑point loading per BS 

EN 12390-5:2009. The flexural strength was calculated as: 

 

where = failure load (N), = support span (mm), = beam width (mm), = depth (mm). 

3.0 RESULTS AND DISCUSSION 

3.1 Aggregate Crushing Value 

The aggregate crushing value (ACV) test results for pumice and ZAK aggregates are presented in Tables 

1.1 and 1.2, respectively. Pumice aggregate recorded an average ACV of 28.40%, with individual values 

of 28.15%, 28.05% and 28.94%, while ZAK aggregate recorded an average ACV of 24.04%, with 

individual values of 22.22%, 22.81% and 27.66%. Conventional coarse aggregate (control) yielded an 

ACV of 21.2%. The lower ACV of ZAK aggregate relative to pumice suggests superior resistance to 

compressive loading. Nevertheless, both aggregates fall within acceptable limits for lightweight structural 

concrete applications, in accordance with BS EN 206:2013+A1:2016. 

Table 1.1: Aggregate Crushing Value for Pumice Aggregate 
Description                                                    Sample 

Variables 

𝑊1 (kg) 

𝑊2 (kg) 

W3 (kg) 

𝑊4(kg) 

 ACV 

A 

12.10  

16.15  

2.91  

1.14  

28.15 

B 

12.10  

16.20 

2.95 

1.15 

28.05 

C 

12.10  

16.35 

3.02 

1.23 

28.94 

Average ACV (%) 28.40 

 

Table 1.2: Aggregate Crushing Value for ZAK aggregate 

Description                                                    Sample 

Variables 

𝑊1 (kg) 

𝑊2 (kg) 

W3 (kg) 

𝑊4(kg) 

 ACV 

A 

12.10 

14.35 

1.75 

0.50 

22.22 

B 

12.10 

14.38 

1.76 

0.52 

22.81 

C 

12.10 

14.45 

1.70 

0.65 

27.66 

Average ACV (%) 24.04 

 

3.2 Aggregate Impact Value 

The aggregate impact value averaged 28.63% for pumice, 18.52% for ZAK and 23.21% for conventional 

coarse aggregate under the prescribed test conditions. ZAK aggregate exhibited superior resistance to 

sudden impact loading compared to pumice and conventional coarse aggregate. 
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Table 2.1: Aggregate Impact Value for Pumice Aggregate 

Description                                                    Sample 

Variables 

𝑊1 (kg) 

𝑊2 (kg) 

W3 (kg) 

𝑊4 (kg) 

AIV 

A 

2.55 

3.48 

0.67 

0.26 

27.96 

B 

2.55 

3.51 

0.69 

0.27 

28.13 

C 

2.55 

3.49 

0.66 

0.28 

29.79 

Average AIV (%) 28.63 

 

Table 2.2: Aggregate Impact Value for ZAK aggregate 

Description                                                    Sample 

Variables 

𝑊1 (kg) 

𝑊2 (kg) 

W3 (kg) 

𝑊4 (kg) 

AIV 

A 

02.55 

03.15 

00.49 

00.11 

18.33 

B 

02.55 

03.15 

00.48 

00.12 

20.00 

C 

02.55 

03.13 

00.48 

00.10 

17.24 

Average AIV (%) 18.52 

3.3 Workability 
The slump test showed values ranging from 40 mm to 65 mm, increasing with Pumice-ZAK content. The 

control recorded the highest compacting factor (0.95), decreasing to 0.88 at 40% replacement. 

Workability ranged from S1 to S2 classifications (BS EN 206) and medium to high (BRE, 1976). 

Figure.1: Slump test                  Figure.2: Compacting factor test 

 

3.4 Density of the Concrete 

The density test results are presented in Figures 3, 4 and 5. The control specimens (0% replacement) 

exhibited the highest densities at 28 days of curing, followed by 10% and 20% replacement levels, while 

30% and 40% replacements recorded progressive reductions in density relative to the control. This 

decline is attributed to the lower specific gravity of Pumice and ZAK aggregates compared to 

conventional coarse aggregate. 
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Figure.3: Concrete cubes against curing period 

Figure. 4: Density of Concrete Cylinder   Figure.5: Density of Concrete Beams  

3.5 Compressive strength of the Concrete 

The compressive strength test results are presented in Figure 6. At 7 days, the control (0% replacement) 

exhibited the maximum compressive strength. The 10% Pumice-ZAK hybrid replacement showed 

increased strength compared to other replacement levels, though with a marginal reduction of 1.13% 

relative to the control. At 28 days of curing, the control still recorded the highest strength overall; 

however, the 10% and 20% replacement levels demonstrated notable improvements in strength index. The 

optimum replacement level was observed at 10%, with 20% and 30% replacements also showing 

promising results. 

 

 

 

 

 

 

 

Figure 6: Compressive strength of Concrete 
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3.6 Split tensile strength of the Concrete 

The split tensile strength test results are presented in Figure 7. The control (0% replacement) recorded the 

highest tensile strength. However, significant strength increases were observed at 10% and 20% 

replacement levels, though both remained below the control. The optimum replacement level was 

observed at 10%, while aggregate replacement up to 30% demonstrated viable strength retention based on 

the observed strength increase index. 

 

 

 

 

 

 

 

Figure 7: Split Tensile Strength of Concrete 

3.7 Flexural strength of the Concrete 

The flexural strength test results are presented in Figure 8. The control (0% replacement) recorded the 

highest strength at both 7 and 28 days. At 7 days, the 10% replacement level exhibited significant strength 

improvement compared to other replacement levels, while 20% and 30% replacements showed similar 

strength indices but lower than 10% and the control. At 28 days, the control remained the highest, with 

10% slightly below the control, while 20% and 30% showed increased strength but remained lower than 

10% and the control. The optimum replacement level was observed at 10%, with 20% and 30% also 

demonstrating significant and promising results. 

 

 

 

 

 

 

 

Figure 8: Flexural Strength of Concrete 

4.0 CONCLUSION 

This study demonstrates that the hybrid partial replacement of conventional coarse aggregate with pumice 

and Ziziphus abyssinica knot (ZAK) is technically feasible for sustainable concrete production. The 

investigation showed that ZAK aggregate exhibited better mechanical resistance than pumice, with an 
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average aggregate crushing value of 24.04% and an average aggregate impact value of 18.52%, compared 

with 28.40% and 28.63% for pumice, respectively. These values confirm that ZAK contributed more 

effectively to load resistance within the hybrid system. The concrete results further indicated that the 

control mix produced the highest compressive, split tensile, and flexural strengths at 28 days; however, 

the 10% hybrid replacement level consistently gave the best performance among the modified mixes. At 

this optimum level, the compressive strength remained close to that of the control, with only a 1.13% 

reduction at 7 days, while the 20% and 30% replacement levels still retained appreciable strength 

development. Workability decreased gradually with increasing replacement, as slump values ranged from 

40 mm to 65 mm and compacting factor reduced from 0.95 for the control to 0.88 at 40% replacement, 

showing that higher replacement levels require mix modification to maintain fresh concrete quality. 

In terms of density, the control mix recorded the highest value at 28 days, while mixes containing pumice 

and ZAK showed progressive reductions in density as replacement increased. This confirms the 

lightweight potential of the hybrid aggregate system and its suitability where reduced dead load is 

desirable. Overall, the study establishes that a 10% hybrid replacement offers the most balanced 

combination of strength, density reduction, and sustainability, while replacement levels up to 30% remain 

structurally viable for non-critical applications. The use of pumice and ZAK therefore presents a practical 

and eco-efficient alternative to conventional coarse aggregate, particularly in resource-constrained 

construction environments. 
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