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Abstract 7 

The increasing demand for construction materials along with the challenge of waste management has necessitated the development of 8 
sustainable materials utilising wastes properly. Therefore, this research examines the utilisation of various agricultural wastes, such as 9 
Eggshell Powder (ESP), Sawdust Powder (SDP) and Coconut Husk Powder (CHP), in the production of unfired clay blocks. Samples 10 
were made with various percentages of wastes: 10-50% of dry wt. of clay for ESP and 2.5-10% for SDP and CHP. In this study, the 11 
physico-mechanical and durability properties of unfired clay blocks were investigated by conducting density, linear shrinkage, capillary 12 
water absorption, flexural strength, compressive strength, ultrasonic pulse velocity test, drip test and water spray test. The tests were 13 
carried out in two phases, with the first phase including the individual integration of waste in the mixture and the second phase combining 14 
ESP (10-30%) with the optimum SDP (2.5%) and CHP (2.5%). The test results show that when the additives were used individually, the 15 
40% ESP samples performed the best whereas for SDP and CHP 2.5% content showed better performance. Contrarily, the samples' 16 
overall characteristics deteriorated when ESP, SDP, and CHP were used together. Nevertheless, all of the samples met the strength 17 
requirement of the standards and passed the durability tests. The results of this study might be useful in assessing the potential of ESP, 18 
SDP and CHP for the production of unfired clay blocks as well as finding a solution to the waste management problem. 19 
 20 
Keywords:  Agro-wastes, Durability properties, Mechanical properties, Physical properties, Unfired clay blocks. 21 
 22 
1. Introduction 23 

Currently, a new awareness of the application 24 
of sustainable and healthy materials in the construction 25 
sector is emerging in both developing and developed 26 
countries. The manufacturing processes of conventional 27 
building materials like concrete and fired earth bricks 28 
are not only expensive but also has negative 29 
environmental effects such as excessive energy demand 30 
and greenhouse gas emissions [1-3]. On the other hand, 31 
unfired earthen materials require approximately 99% 32 
less energy for the manufacturing process compared to 33 
concrete [4] and have less embodied energy (0.45 34 
MJ/kg) than fired earth bricks (3 MJ/kg) [5]. There are 35 
also many other benefits for unfired earthen building 36 
materials, including regionally available raw materials, 37 
easy-to-construct, cost-effective, good hygrothermal 38 
properties and ease of recycling with minimum 39 
environmental effects [6-8]. Hence, unfired earthen 40 
materials are gaining growing attention as natural 41 
sustainable materials for building construction. 42 
However, there are some disadvantages associated with 43 
earthen structures such as poor mechanical and 44 
durability properties as well as regular repair [9-12]. 45 
Consequently, researchers have experimented with 46 
different additives and stabilisation techniques to 47 
enhance its properties and a substantial number of 48 
studies on this issue have been published in recent 49 
decades [13-15]. These investigations indicate that 50 
different stabilisers impart strength and durability to 51 
earthen materials to different extents depending upon 52 
the chemical compositions and physico-mechanical 53 
properties of individual stabiliser. Researchers have 54 
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suggested many kinds of man-made stabilisers such as 55 
cement, lime, plastic waste, synthetic fibre etc. to 56 
improve the performance of the earthen materials [16-57 
20]. Cement, though, is a source of CO2 emissions from 58 
these stabilisers, is the most commonly used one [21-59 
23]. The use of man-made stabilisers, on the other hand, 60 
lowers the “green” aspects of earthen materials by 61 
increasing embodied energy levels and reducing the 62 
recycling potential of demolished wastes. To overcome 63 
this, the utilisation of natural materials such as 64 
agricultural residues for earth stabilisation is becoming 65 
widespread among researchers [24-28]. 66 

The global development of the agricultural 67 
industry produces large volumes of agro-wastes 68 
annually and a growing environmental concern has 69 
emerged from the accumulation of unmanaged residues 70 
particularly in developing countries. In recent years, 71 
scientists have tried to reduce the amount of agro-wastes 72 
by finding new applications. Since alternative material 73 
studies now explicitly prioritise the reduction of energy 74 
usage and the resolution of waste management 75 
problems, several studies have shown that this challenge 76 
can be achieved by using agro-wastes for building 77 
material production [14, 29, 30]. Studies reveal that 78 
utilisation of the agro-wastes as stabilisers in the 79 
production of unfired earthen materials is more 80 
beneficial than man-made materials in terms of 81 
environmental (energy-saving), economic (cost-82 
reducing) and ecological (resource-saving) perspectives 83 
[31]. It is more economical to use regionally available 84 
vernacular agro-wastes as they require less processing 85 
and negligible transportation cost [32]. Depending on 86 
the availability, various agro-wastes have already been 87 
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utilised to improve the characteristics of unfired clay 1 
bricks in different countries. According to several 2 
studies [14, 29, 30], the inclusion of agro-wastes into the 3 
unfired clay bricks has often resulted in improved 4 
characteristics. Therefore, this present study aims at 5 
utilising three agro-wastes namely eggshell, sawdust 6 
and coconut husk to evaluate their possible application 7 
as the alternative raw materials to enhance the 8 
performance of developed unfired clay blocks. 9 
Moreover, utilisation of these agro-wastes in the 10 
production of sustainable construction materials 11 
contributes to a feasible solution to the waste 12 
management problem. 13 

Eggshells are considered waste materials 14 
mainly generated by the poultry and food industries. The 15 
total global production of eggshells is around 110 billion 16 
tonnes which eventually ends up going to landfill sites 17 
[33]. It is observed that eggshells are high in calcium 18 
levels ranging from 94% to 98% [34-36]. Also, calcium 19 
in eggshells is more absorbable than the calcium 20 
contained in limestone or coral sources [37] which 21 
contributes to reinforcing material bonding [38] and this 22 
feature of the poultry eggshells has made it an attractive 23 
choice for natural reinforcement. Hence, scientists have 24 
started investigations to use eggshells for developing 25 
different types of valuable and utilisable products [33, 26 
37, 39-42]. Several recent studies showed that eggshell 27 
powder and eggshell ash can be used for soil 28 
stabilisation [43-47] and making building materials such 29 
as unfired laterite brick [38, 48], fired brick [49, 50], 30 
sandcrete block [51], concrete block [52, 53] and soil 31 
cement brick [54]. Ayodele et al. [48] developed 32 
lateralised unfired bricks incorporating combinations of 33 
sawdust ash and eggshell ash of 0-16 wt.%. The test 34 
results revealed that the density of the samples increased 35 
steadily up to 4% ash content, after which it started to 36 
decrease for higher ash percentage and the maximum 37 
compressive strength was achieved for 2-4% ash 38 
content. In another study, Adogla et al. [38] assessed the 39 
potentiality of eggshell powder (0-40 wt.%) in the 40 
production of unfired compressed bricks. It was 41 
observed that incorporation of eggshell increased the dry 42 
density of the samples and the samples with 30% 43 
eggshell showed better performance in compressive 44 
strength, water absorption and abrasion resistance test. 45 

On the other hand, sawdust or wood dust is the 46 
fine wood particle produced as a by-product of the wood 47 
or timber industry. Generally, sawdust has wood-like 48 
characteristics although certain structural properties 49 
have been modified due to its particle nature. The 50 
chemical composition of dry wood varies by species of 51 
trees. The main chemical components in sawdust are 52 
lignin (18-35%) and carbohydrate (65-75%) while small 53 
quantities of extraneous materials (4-10%) are also 54 
found [55, 56]. The bulk density of sawdust is found to 55 
be very low (150-200 kg/m3) [57] and it has a very low 56 
thermal conductivity, making it suitable for insulation 57 
material [58, 59]. Researchers conducted experiments 58 
using sawdust for manufacturing different types of 59 
building materials [60]. Some of the developed 60 

materials include particleboard [61-65], insulation 61 
material [66], cement concrete brick [67, 68], fired clay 62 
brick [58, 69-73] and unfired brick [24, 48, 74-80]. 63 
Demir [74] examined the compressive strength of 64 
unfired clay bricks containing 2.5 to 10% sawdust and 65 
found that adding sawdust to unfired bricks enhanced 66 
compressive strength. Similarly, Ouattara et al. [76] 67 
observed an improvement in the compressive strength of 68 
clay bricks with 15-20% of sawdust content. However, 69 
the study of Ganga et al. [75] showed no improvement 70 
in compressive strength of the samples with the addition 71 
of sawdust or mahogany shavings. In another study, 72 
Vilane [24] produced adobe bricks with sawdust (0-73 
20%) and obtained the optimum percentage to be 15% 74 
as it gave the highest compressive strength. Jokhio et al. 75 
[79] found higher compressive strength values by 76 
replacing sand with 20% sawdust, while the study 77 
observed a decreasing trend in flexural strength. The 78 
water absorption properties of sawdust lignin and 79 
cement (4, 8 and 12% by mass) stabilised compressed 80 
earth blocks were assessed by Fadele and Ata [77] and 81 
the results indicated better performances of sawdust 82 
stabilised samples than the cement stabilised samples. 83 
According to Charai et al. [78], the density and thermal 84 
conductivity of the sawdust clay composites decreased 85 
with the increasing amount of sawdust from 2-10 wt.%. 86 
De Castrillo et al. [80] used straw and sawdust (30%-87 
70% by volume) to produce traditional adobe bricks. 88 
According to the finding, the bulk density, thermal 89 
conductivity, flexural and compressive strength of the 90 
adobes all reduced as the proportion of both fibres in the 91 
samples increased. Moreover, sawdust adobes showed a 92 
gradual rise in capillary water absorption than the straw 93 
adobes with the increase in fibre percentage. 94 

Coconut husk is another agricultural waste that 95 
is the by-product of coconut production mainly obtained 96 
from the outer shell. Coconut is a tropical plant that 97 
grows largely at latitudes between 20°N and 20°S [81]. 98 
Although billions of coconuts are produced each year, 99 
only 15% of the residual fibres from the harvesting 100 
process are used as materials for manufacturing 101 
purposes [82]. The coconut husk contains 102 
approximately 75% of coconut coir fibres and 25% of 103 
the pith [83, 84]. The coconut coir is reddish-brown and 104 
composed of cellulose, hemicellulose, lignin and pectin 105 
[85]. Studies show that the addition of coconut coir can 106 
reduce the thermal conductivity of the composite and 107 
result in a lightweight product due to its low bulk density 108 
[86, 87]. Coconut coir has been examined by many 109 
researchers in manufacturing different construction 110 
materials such as insulation board [88], fibreboard [89], 111 
particleboard [90], concrete block [91-94], fired brick 112 
[95-97] and unfired earth block [98-102]. Besides, it has 113 
been used for soft soil stabilisation [103-105]. Khedari 114 
et al. [90] [99] assessed the thermal properties of unfired 115 
soil blocks using coconut coir fibre (10-20% of 116 
reference cement volume) and the findings showed that 117 
the presence of coconut fibres reduced the density, 118 
thermal conductivity and compressive strength of the 119 
sample blocks. The study recommended a 20% ratio as 120 



3 
 

the optimum for the best thermal performance. Danso et 1 
al. [98] produced unfired clay blocks using various 2 
proportions (0.25-1 wt.%) and lengths (38 mm, 50 mm 3 
and 80 mm) of coconut fibre. The findings showed that 4 
dry density reduced but water absorption increased with 5 
the addition of fibre. Also, both compressive and tensile 6 
strength improved significantly by adding fibre up to 7 
0.5%. In the study of Thanushan et al. [100] 8 
incorporation of coconut fibre from 0.2-0.6% of mass 9 
portions caused a gradual decrease in compressive and 10 
flexural strength but an increase in water absorption 11 
values. Sangma et al. [101] studied the physico-12 
mechanical properties of unfired earth blocks by adding 13 
5% and 20 mm to 80 mm coir fibre. The study concluded 14 
that the reinforced blocks had higher tensile and 15 
compressive strength than the unreinforced blocks and 16 
the 40 mm long coconut fibre performed the best. 17 
Purnomo and Arini  [102] performed experiments on 18 
coconut coir (treated) reinforced unfired bricks to 19 
investigate how humidity influences its physico-20 
mechanical properties. The results revealed that in wet 21 
conditions the brick samples with 4% treated and 25 mm 22 
coir fibre exhibited better mechanical properties than the 23 
other samples. 24 

From the literature, it can be noticed that 25 
research on the effect of eggshell, sawdust and coconut 26 
husk on selected properties of unfired clay blocks is 27 
limited. Hence, this study presents the physico-28 
mechanical and durability properties of the developed 29 

unfired clay blocks utilising eggshell, sawdust and 30 
coconut husk. The experimental study was conducted in 31 
two series. In the first series of the tests, various 32 
percentages of eggshell, sawdust and coconut husk were 33 
added in the mixture individually to produce the samples 34 
and their properties were examined. Based on the results 35 
from the first series, a second series was performed to 36 
assess their combined effect. The results of both series 37 
of experimental tests were analysed and discussed.  38 

2. Raw materials and sample preparation 39 

2.1. Materials 40 

The substances employed in the production of 41 
unfired clay samples are Red Clay Powder (RCP), 42 
Eggshell Powder (ESP), Sawdust Powder (SDP), 43 
Coconut Husk Powder (CHP) and water (Fig. 1). The 44 
clay used in this study was supplied by Bath Potters’ 45 
Supplies, UK. It is a raw reddish powdered clay that is 46 
dug directly from the ground and contains some pebbles 47 
since it is in its natural state. The ESP, SDP and CHP 48 
used were obtained from the local retailers in the UK. 49 
The raw materials were sieved with the square mesh 50 
sieve to have a controlled particle size between 212 μm-51 
150 μm for ESP and 600 μm-425 μm for SDP and 1.18 52 
mm-300 μm for CHP. In the mixtures, normal tap water 53 
was used.54 

 55 

 
 

 

 

(a) (b) (c) (d) 

Fig. 1. Raw materials: (a) RCP, (b) ESP, (c) SDP and (d) CHP. 

56 

2.2. Characterisation of raw materials 57 

Standard proctor compaction test [106] was 58 
used to experimentally determine the optimum moisture 59 
content and maximum dry density while BS 1377-60 
2:1990 standard [107] establishes the Atterberg limit of 61 
clay. Chemical properties and mineralogical phase 62 
evolution of RCP, ESP, SDP and CHP were assessed by 63 
means of X-ray Fluorescence (XRF) (EDX-720 64 
Shimadzu, Japan) and X-ray Diffraction (XRD) (Rigaku 65 
MiniFlex) analysis respectively. Moreover, in this 66 
study, the surface morphology of raw materials was 67 
characterised by Scanning Electron Microscope using 68 
an FEI Inspect S SEM model at 20 kV accelerating 69 
voltage after gold-coating the materials. Besides, the 70 
density was determined by the cylinder method and 71 
porosity was measured following the method of 72 

Horisawa et al. [108]. Furthermore, specific gravity was 73 
obtained according to the BS EN 1097-6 standard [109].  74 

The physical and chemical properties of the 75 
raw materials are summarised in Table 1 and Table 2 76 
respectively. The proctor compaction test on clay 77 
revealed a maximum density of 2320 kg/m3 at an 78 
optimum moisture content of 15.50%. Furthermore, the 79 
clay had a plastic limit of 19.25% water content and a 80 
liquid limit of 31.61%, indicating that it was a medium 81 
plastic clay with a plasticity index of 12.36%. Fig. 2 82 
shows the grain size distribution curve of the RCP 83 
determined by sieve analysis [110]. The bulk densities 84 
of RCP, ESP, SDP and CHP were measured as 1.43 85 
g/cm3, 1.17 g/cm3, 0.23 g/cm3 and 0.13 g/cm3 with 86 
specific gravities of 2.32, 1.74, 1.14 and 0.61 87 
respectively. Besides, CHP was more porous in nature 88 
(7.65) compared to SDP (5.09) and ESP (0.56) and 89 
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according to the water absorption test, CHP had a higher 1 
absorption rate (195.16%) than SDP (127.66%) and ESP 2 
(39.42%). 3 

The XRD analysis (Fig. 3(a)) displays the 4 
presence of quartz (SiO2), kaolinite (Al2(Si2O5)(OH)4) 5 
and haematite (Fe₂O₃) in RCP. This is also supported by 6 
the XRF test findings shown in Table 2. Silica and 7 
aluminium were found in the clay, making it a pozzolan. 8 
Furthermore, the presence of ferric oxide (Fe2O3) 9 
highlights the redness of clay. On the other hand, ESP 10 
was found as a non-pozzolanic material since it lacked 11 
siliceous and aluminous elements. However, ESP had a 12 
significant quantity of calcium oxide (CaO) obtained 13 
from the calcination of calcite (CaCO3), which is 14 

necessary for a pozzolanic reaction to affect the 15 
cementitious characteristics of clay bricks (Fig. 3(b)) 16 
[111].  Also, the disordered XRD patterns indicate the 17 
presence of amorphous phases (hemicelluloses and 18 
lignin) in SDP and CHP (Fig. 3(c) and Fig. 3(d)).  19 

The SEM images of the raw materials are 20 
illustrated in Fig 4. It can be observed that eggshells had 21 
agglomerated irregular stone-like shape particles (Fig. 22 
4(b)). On the other hand, sawdust particles came in a 23 
variety of sizes and forms, with rough surfaces including 24 
heterogeneous fibres with multiple protrusions and folds 25 
(Fig. 4(c)). Fig. 4(d) shows that coconut husk particles 26 
had an irregular honeycomb-like spongy structure 27 
consisting of many pores. 28 

 29 

 

Fig. 2. Particle size distribution curve of RCP. 

 30 

Table 1 Physical characteristics of raw materials. 31 

Item RCP ESP SDP CHP 

Liquid limit (%) 31.61 - - - 

Plastic limit (%) 19.25 - - - 

Plasticity Index (%) 12.36 - - - 

Maximum dry density (kg/m3) 2320 - - - 

Optimum moisture content (%) 15.50 - - - 

Density (g/cm3) 1.43 1.17 0.23 0.13 

Specific gravity  2.32 1.74 1.14 0.61 

Porosity 0.38 0.56 5.09 7.65 

Water absorption after 24 hours under water (%) 27.57 39.42 127.66 195.16 

Natural moisture content (%) 6.47 0.31 5.02 5.62 

Colour Red White Light brown Brown 

 32 

Table 2 Chemical compositions of the raw materials from the XRF test. 33 

Chemical Compounds (%) RCP ESP SDP CHP 

SiO2 41.454 0.097 0.348 4.059 

Al2O3 15.214 - 0.390 1.206 

Fe2O3 8.104 - 0.186 1.184 

MgO 5.114 0.522 0.408 0.767 

K2O 1.636 0.155 0.340 3.942 

TiO2 1.411 0.096 0.171 0.596 

Na2O 1.027 1.423 0.926 1.183 

CaO 0.633 78.111 1.681 2.782 

BaO 0.216 0.189 0.074 0.089 

SO3 0.047 0.345 0.049 0.275 

MnO 0.040 - 0.026 0.013 
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ZrO2 0.035 0.008 0.002 0.011 

SrO 0.011 0.042 - 0.005 

P2O5 - - 0.021 0.094 

 1 

 

(a) 

 

(b) 

 

(c) 
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(d) 

Fig. 3. XRD spectra: (a) RCP, (b) ESP, (c) SDP and (d) CHP. 

 1 

  

(a) (b) 

  

(c) (d) 

Fig. 4. SEM images: (a) RCP, (b) ESP, (c) SDP and (d) CHP. 

 2 

2.3. Sample preparation  3 

The experiment programme was conducted in 4 
two phases. In the first phase clay samples with five 5 
different percentages of ESP (10%, 20%, 30%, 40% and 6 
50% by weight of clay) and four percentages of SDP and 7 
CHP (2.5%, 5%, 7.5% and 10% by weight of clay) were 8 

produced. According to the findings of the first phase, 9 
in the second phase, ESP was combined with optimum 10 
SDP and CHP to make the sample blocks. Table 3 gives 11 
the mixing proportions of the experiment of the first 12 
phase. Samples for the physical and mechanical 13 
properties tests were prepared in prismatic moulds of 40 14 
mm × 40 mm ×160 mm (Fig. 5(a)) following the British 15 
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standard BS-EN 1015-11 [112] for cement mortars 1 
which are frequently used for unfired brick studies due 2 
to the lack of the specific standards. Three samples were 3 
tested for each percentage and the tests included density, 4 
linear shrinkage capillary water absorption, flexural and 5 
compressive strength. On the other hand, for durability 6 
tests samples of 100 mm × 100 mm × 100 mm and 65 7 
mm ×102 mm × 215 mm were cast (Fig. 5(b) and Fig. 8 
5(c)). First clay was passed through a sieve with a 2.00 9 
mm2 mesh size to remove any lumps. Then dry clay and 10 
waste materials were thoroughly mixed in a mechanical 11 
mixer machine. Afterwards, based on the proctor test 12 
15.50% of water by dry weight of clay was gradually 13 
added to the dry mixture to obtain the optimum moisture 14 
content and homogeneity for moulding the samples. To 15 
maintain the same consistency for moulding quantity of 16 
water in each series was adjusted. The mixture was put 17 
into the moulds in two layers and each layer was 18 
manually compacted with 25 blows. Uniform 19 

compaction may not have been accomplished in this 20 
investigation due to the hand compaction. However, 21 
hand compaction was applied to interpret the production 22 
of unfired clay brick in rural areas where advanced 23 
apparatus is unavailable. The samples were covered 24 
with plastic bags for 24 hours after being moulded to 25 
ensure uniform water absorption and no sudden loss of 26 
moisture. Before demoulding, the samples were then 27 
dried at the laboratory room temperature of around 23-28 
26°C and relative humidity of 30-34% for 7 days. Clay 29 
samples were dried naturally to slowly dissipate the 30 
moisture and reduce internal crack due to shrinkage. 31 
After demoulding, the samples were dried for another 21 32 
days in the same laboratory conditions before being 33 
examined. Although the absence of cement in the blends 34 
implies that no curing period is needed by the standards, 35 
this drying period was chosen as most traditional unfired 36 
clay brick manufacturers use it. 37 

 38 

Table 3 Mix details (First phase). 39 

Sample ID Clay (g) 
Waste (%) Waste (g) 

ESP SDP CHP ESP SDP CHP 

R 550 0 0 0 0 0 0 

E-10 550 10 0 0 55 0 0 

E-20 550 20 0 0 110 0 0 

E-30 550 30 0 0 165 0 0 

E-40 550 40 0 0 220 0 0 

E-50 550 50 0 0 275 0 0 

S-2.5 550 0 2.5 0 0 13.75 0 

S-5 550 0 5 0 0 27.50 0 

S-7.5 550 0 7.5 0 0 41.25 0 

S-10 550 0 10 0 0 55 0 

C-2.5 550 0 0 2.5 0 0 13.75 

C-5 550 0 0 5 0 0 27.50 

C-7.5 550 0 0 7.5 0 0 41.25 

C-10 550 0 0 10 0 0 55 

 40 

 

 

 

(a) (b) (c) 

Fig. 5.  Samples: (a) 40 mm × 40 mm ×160 mm, (b) 100 mm × 100 mm × 100 mm and (b) 65 mm ×102 mm × 215 mm. 

41 

3. Tests 42 

Density, linear shrinkage, compressive 43 
strength, flexural strength, capillary water absorption, 44 
ultrasonic pulse velocity (UPV) test, drip test, and water 45 
spray tests were performed on the samples. A review 46 
study of prior research [22, 30] led to the selection of 47 
these tests, which included a wide range of physical, 48 
mechanical and durability properties relevant to unfired 49 
clay blocks. Moreover, XRD analysis was used to study 50 
the crystal structure of the clay composite. Samples 51 
dried for 28 days were grounded into fine powder to use 52 
for the analysis. Tests were performed on a Rigaku mini-53 

flex X-ray diffractometer using Cu Kα radiation 54 
generated at 30kV and 15 mA. The samples were 55 
scanned in continuous scan mode at an angular speed of 56 
2°/min and the measurements were taken for 2θ angle 57 
from 5° to 60°. 58 

3.1. Density test 59 

The density of materials has influences on their 60 
properties like strength, heat and conductivity. In this 61 
study, BS EN 771-1 [113] standard was followed to 62 
determine the densities of the samples. The test 63 
procedure can be described as follows:  the 28-day dry 64 
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samples (average of three samples per mix composition) 1 
were carefully cleaned with a cloth to eliminate any 2 
loose substance attached. Then all dimensions of the 3 
sample along the edge were measured using a digital 4 
calliper (precision 0.01 mm) and the average value for 5 
each dimension was calculated. The volume (V, m3) and 6 
mass (M, kg) of the samples were measured and the 7 
density (ρ, kg/m3) was determined using the following 8 
Eq. (1): 9 

M

V
   (1) 

3.2. Linear shrinkage test 10 

Shrinkage control is crucial for preventing the 11 
deformation and cracking of the samples. It is a physical 12 
phenomenon that is caused by the evaporation of 13 
moisture content in the samples during the drying 14 
process. The linear shrinkage test was performed 15 
following the BS EN 772-14  [114] standard on three 16 
samples per mix composition. For the test procedure, 17 
four dimensions of the prism mould length (Li, mm) 18 
were measured and at the end of the 28-day drying 19 
period, the four dimensions of the prism sample length 20 
(Ld, mm) were recorded using a digital calliper. The 21 
average length was then taken and Eq. (2) was used to 22 
calculate the linear shrinkage (Sd, %): 23 

 24 

100i d
d

i

L L
S

L


   (2) 

3.3. Flexural strength test 25 

A 25 kN frame capacity Tinius Olsen H25KS 26 
was used to test the flexural strength under three-point 27 
loading in accordance with BS EN 1015-11 [112]. The 28 
test was performed on the full prism samples (40 mm × 29 
40 mm × 160 mm) after 28 days of the drying period. 30 
The clear span between the two supports was 100 mm 31 
as shown in Fig. 6 and the load was applied at a rate of 32 
10 N/s at the middle of the samples until it failed. Three 33 
samples from each mix design were tested resulting in 34 
the formation of half samples at the end of the test which 35 
were then used for compressive strength and capillary 36 
water absorption tests. The following Eq. (3) from EN 37 
1015-11 was used to determine the flexural strength: 38 

2

1.5FL
f

bd
  (3) 

Where f (MPa) is the flexural strength, F (N) is the 39 
obtained load, L (mm) is the distance between the 40 
supports, b (mm) is the height of the sample, and d (mm) 41 
is the width of the sample.42 

43 

 

 

(a) (b) 

Fig. 6. Flexural strength test: (a) schematic and (b) experimental. 

44 

3.4. Compressive strength test 45 

Half prism samples with an average dimension 46 
of 40 mm × 40 mm × 80 mm were tested for 47 
compressive strength according to the BS EN 1015-11 48 
[112] standard. Three samples were examined and mean 49 
values were calculated for each mix design. A 50 
computerised and motorised triaxial machine was used 51 
for the test (Fig. 7). According to the standard, the 52 
samples were aligned centrally between two bearing 53 
steel plates of 40 mm × 40 mm and the charge velocity 54 

used was 0.40 MPa/s until visible damage was caused 55 
by the compression. The compressive strength was 56 
determined using the Eq. (4): 57 

F
C

A
  (4) 

Where C (MPa) is the compressive strength, F (kN) is 58 
the ultimate load, A (mm2) is the area of the bed face.59 

 60 
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(a) (b) 

Fig. 7. Compressive strength test: (a) schematic and (b) experimental. 

 1 

3.5. Capillary water absorption test 2 

The capillary water absorption test was 3 
performed to determine the ability of the waste-4 
incorporated clay samples to resist the absorption and 5 
retention of water. BS EN 1015-18 [115] specifies the 6 
test method on one half prism sample (40 mm × 40 mm 7 
× 80 mm) obtained from the flexural strength test. 8 
Following the standard, to attain constant mass the half 9 
prisms were first dried for 24 hours at 60 ± 5 °C in a 10 
ventilated oven and the mass of the oven-dried samples 11 
were recorded. As the samples had dissimilar sizes after 12 
the breakage in the flexural strength test, flat faces of the 13 

samples were immersed in a constant head-water bath to 14 
a depth of 5 mm for 10 min to ensure consistency (Fig. 15 
8). Then after 10 min, the samples were removed from 16 
the water and their mass were noted. The capillary water 17 
absorption was calculated (average of three samples per 18 
mix composition) by the following Eq. (5) [115]: 19 

0.1 ( )w t iC M M    (5) 

Where Cw (kg/(m2×min0.5) is the capillary water 20 
absorption coefficient, Mi (g) is the initial mass of the 21 
sample and Mt (g) is the mass of the sample after 10 min. 22 

 23 

 

 

(a) (b) 

Fig. 8. Capillary water absorption test: (a) schematic and (b) experimental. 

 24 

3.6. UPV test 25 

Low density and high absorption potential 26 
agro-wastes can affect the porosity and consequently, 27 
the strength of the samples. Hence, the UPV test which 28 
is a non-destructive procedure for assessing the presence 29 
of voids and density of samples. The test was performed 30 
on the 65 mm ×102 mm × 215 mm samples after 28 days 31 
of casting using a Proceq Pundit PL-200 ultrasonic pulse 32 
equipment. This equipment measures the delay time 33 
required for a transmitted ultrasonic wave to travel from 34 
the transducer and return to the transducer through the 35 
interposed sample. A coupling gel was applied between 36 

the samples and transducers to avoid the existence of 37 
voids in the contact area. The samples were measured 38 
for length (L), width (W) and height (H) prior to the test 39 
in order to determine UPV for each direction (Fig. 9(a)). 40 
The direct transmission (Fig. 9(b)) was used to measure 41 
the UPV as it is considered the most reliable 42 
configuration [116]. The test findings can be used in 43 
determining the durability of the samples by assessing 44 
the decrease of voids inside the samples as velocity 45 
increases with the decrease of voids suggesting a 46 
compact and denser composition. 47 

 48 
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(a) (b) 

Fig. 9. UPV test: (a) schematic and (b) experimental. 

 1 

3.7. Geelong drip test 2 

The wet erosion test was performed following 3 
the New-Zealand Standard NZS 4298 [117] which is 4 
based on the Geelong drip test method. This test method 5 
was originally developed at Deakin University, 6 
Australia to evaluate the capacity of the earthen 7 
materials to withstand erosion caused by light and 8 
indirect rainfall. Later Frencham [118] categorised the 9 
earthen materials by relating the depth of pitting to an 10 
Erodability index (Table 4) which relates the erosion to 11 
real-life performance [119]. The test was carried out on 12 
the 100 mm × 100 mm × 100 mm samples by simulating 13 
rain droplets. According to the procedure, the samples 14 
were positioned at a 30° angle at the base and vertically 15 
400 mm away from a water container, from which water 16 
was allowed to drop on the surface of the samples at a 17 
controlled flow for 60 min (Fig. 10). After testing, the 18 
erodibility index was calculated by measuring the pit 19 
depth created by the water drops on the samples with a 20 
calliper of 0.01 mm resolution. This simple test can be 21 
acceptable in areas where annual precipitation is around 22 
500 mm but its applicability in areas with higher rainfall 23 
levels has yet to be determined [119]. 24 

3.8. Water spray test (Pressure spray method)  25 
The pressure spray test is also known as the 26 

‘accelerated erosion test’ and is frequently used in 27 
practice. However, according to Heathcote [120] and 28 
Walker et al. [121], this test is more extreme than real 29 
climatic conditions. The test was carried out in 30 
accordance with New Zealand Standard NZS 4298 [117] 31 
to assess the resistance of the samples against 32 
continuous rainfall conditions. The test simulates two 33 
real-life conditions that cause earthen materials to erode 34 
due to moderate to heavy rainfall: humidification and 35 
kinetic energy. Humidification reduces the internal 36 
cohesion between the material particles by increasing 37 

moisture content while kinetic energy is responsible for 38 
breaking the already weakened bonds of material 39 
particles. The test was performed on 65 mm ×102 mm × 40 
215 mm samples imitating real-life conditions of 41 
average to heavy rainfall. The samples were placed 42 
behind a shield board and the external surface was 43 
exposed to a pressure spray through an 80 mm diameter 44 
hole (adapted from the standard from 100 mm diameter 45 
hole) on the shield board (Fig. 11). The pressure spray 46 
was positioned at 470 mm from the shield and tap water 47 
was sprayed through the nozzle at a pressure of 50 kPa 48 
onto the samples for an hour or until failure occurred. In 49 
every 15 min, the depth of pitting was measured using a 50 
calliper and the rate of erosion in mm per hour was 51 
determined by dividing the total depth of erosion by 60. 52 
In addition, samples were inspected by the eye to assess 53 
the degree of moisture penetration. The erodability 54 
index for the water spray test is specified in Table 5. 55 
 56 

Table 4 Scale of assessment for ‘Drip test’. 57 

Depth of 

erosion, d (mm) 

Frencham [118] 

recommendation 

Erodibility index as 

per NZS 4298 [117] 

0 Non-erosive 1 

0 ≤ d < 5 Slightly erosive 2 

5 ≤ d < 10 Erosive 3 

10 ≤ d < 15 Very erosive 4 

15 ≤ d - 5 (Fail) 

 58 

Table 5 Erodibility indices from pressure spray erosion test. 59 

Erosion rate, d (mm/hr) Erodibility index 

0 - 

0 ≤ d < 20 1 

20 ≤ d < 50 2 

50 ≤ d < 90 3 

90 ≤ d < 120 4 

120 ≤ d 5 (Fail) 

 60 
 61 

 62 

63 

64 
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(a) (b) 

Fig. 10. Drip test: (a) schematic and (b) experimental. 

 1 

 2 

 

 

(a) (b) 

Fig. 11. Water spray test: (a) schematic and (b) experimental. 

 3 

4. Results and discussions 4 

4.1. First phase 5 

4.1.1. Density 6 

The effect of various ESP, SDP and CHP ratios 7 
on the density of the samples is shown in Fig. 12. It can 8 
be observed that densities of the samples decreased with 9 

higher ESP, SDP and CHP content which were lower 10 
than that of the reference sample. This decrease in 11 
density is mainly attributed to the lower specific gravity 12 
of the ESP, SDP and CHP particles as compared to the 13 
RCP used in this study (see Table 1). The increased 14 
lighter wastes content displaced heavier clay content, 15 
resulting in a drop in sample density. The decrease in 16 
density for increasing ESP content from 10% to 50% in 17 
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the mixture corresponds to a decrease of about 5.51% to 1 
14.34% and for 2.5% to 10% addition of SDP and CHP 2 
the decrease was about 12.14% to 29.39% and 17.48% 3 
to 33.94% respectively in comparison to the reference 4 
clay sample. Besides, both reference and ESP 5 
incorporated samples achieved density values that 6 
exceeded the minimum value of 1750 kg/m3 stipulated 7 
in Indian Standard: IS 1725 [122] and Sri Lankan 8 
Standard: SLS 1382 [123]. However, in the case of SDP 9 
and CHP addition, only samples with 2.5% content met 10 
the standard requirement. Other manufactured samples 11 
can be categorised as lightweight clay brick as a 12 

construction material by the standards [124]. Several 13 
authors noticed similar results with natural fibre addition 14 
in unfired clay blocks, where density dropped with 15 
increasing the amount of fibres [74, 78, 98-100, 124]. 16 
However, the results from this study was contrary to the 17 
findings of Amaral et al. [54] and Adogla et al. [38] 18 
which established that the density of the compressed 19 
laterite brick and soil-cement brick increased steadily 20 
with increasing ESP content. This might be due to the 21 
mechanical compaction technique used in block 22 
manufacturing [125, 126]. 23 

 24 

 

Fig. 12. Density results (First phase). 

25 

4.1.2. Linear shrinkage 26 

Shrinkage is highly affected by the nature and 27 
quantity of additives, as well as their surface 28 
characteristic. Furthermore, the moisture absorption 29 
behaviour, water loss and porosity of the samples all 30 
have an impact on shrinkage [127, 128]. The results 31 
(Fig. 13) showed that when the SDP concentration 32 
increased from 2.5 to 10%, the linear shrinkage of the 33 
samples reduced from 6.05 to 5.53% which was up to 34 
around 31% reduction compared to the reference sample 35 
(8.07%). The bonding capabilities of SDP can be related 36 
to the presence of fibres in earthen materials like straw 37 
since they contain similar components. Straw in the 38 
earthen matrix plays a basic role in preventing shrinkage 39 
and subsequent fissuring during the drying process 40 
particularly if the earth is produced in blocks with high 41 
clay content [24]. Bouhicha et al. [129], Murillo et al. 42 
[130] and Danso et al. [98] reported a similar result in 43 
which natural fibres addition in the soil decreased the 44 
shrinkage by resisting soil matrix deformation via 45 
friction and/or adhesion. On the contrary, the samples 46 

with CHP tended to shrink gradually from 8.18 to 47 
12.29% (around a 52% increase relative to reference 48 
sample) when the CHP content is increased from 2.5 to 49 
10%. It may be due to the higher water absorption 50 
potential of CHP relative to SDP (see Table 1) which 51 
weakened the waste particle-clay bonding resulting in 52 
increased shrinkage during the drying period due to 53 
evaporation. Besides, CHP's ability to absorb water 54 
from capillary pores may cause volume reduction 55 
(contraction) and an increase in sample shrinkage 56 
(deformation). For ESP samples shrinkage gradually 57 
decreased from 6.92% to 5.61% with waste content 58 
varying from 10-50%. It might be related to the 59 
adsorption of calcium ions from ESP, which caused a 60 
rise in pore fluid viscosity [131-133]. It is stated that if 61 
the material shrinks more than 8%, the drying process 62 
can produce internal fractures and cracking [128]. 63 
Concerning this, the present study found shrinkage 64 
values in allowable ranges except for the reference and 65 
CHP samples. 66 

 67 
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Fig. 13. Linear shrinkage results (First phase). 

1 

4.1.3. Compressive and flexural strength 2 

The results of the mechanical strength tests 3 
have been summarised in Table 6. At each mixture, both 4 
compressive and flexural strength were determined by 5 
taking the average of the three results. The strength 6 
enhancement in waste-incorporated clay mixture largely 7 
depends on the development of waste particle-clay 8 
matrix adhesion, clay matrix-clay matrix bonding and 9 
waste particle-waste particle cohesion. These bonds can 10 
be influenced by particle size, surface conditions and the 11 
amount of waste present [134]. In this study, 12 
compressive strength was performed for both air-dried 13 
and oven-dried samples. After 28 days, both the 14 
reference and waste-incorporated samples fulfilled the 15 
minimum strength requirement of the standards (1 MPa-16 
2.80 MPa) [117, 123, 135, 136]. The results show that 17 
compressive strength for the samples with ESP 18 
increased gradually with an increase in waste content up 19 
to 40% then the strength decreased for 50% ESP. This 20 
result is also accompanied by the XRD analysis (Fig. 21 
14(a)). Amaral et al. [54] and Adogla et al. [38] reported 22 
comparable results where the highest compressive 23 
strength was recorded at 30%  ESP for soil-cement brick 24 
and compressed earth block. The increase in strength 25 
can be explained by the pozzolanic reaction of the clay 26 
minerals with a high amount of calcium available in ESP 27 
which formed a cementitious compound that dispersed 28 
among the clay particles and improved the adhesion of 29 
the clay matrix and ESP particles. As a pozzolan the clay 30 
contains siliceous and aluminium elements, while ESP 31 
is a non-pozzolan material [137, 138]. When clay, ESP 32 
and water are mixed, a pozzolanic reaction occurs which 33 
produce samples with cementitious properties. The 34 
ESP's calcium oxide (CaO) reacts with water at first, 35 
leading to the production of calcium hydroxide 36 
(Ca(OH)2), also known as portlandite. Subsequently, 37 
portlandite (Ca(OH)2) and silica (SiO2) or silicic acid 38 
(Si(OH)4) are converted to form calcium silicate hydrate 39 

(CaSiO3·2H2O) which has strong cementing properties 40 
responsible for the strength of the materials [111]. 41 

(s) 2 (aq) 2 (aq)CaO H O Ca(OH)   (6) 

2 (aq) 2 3 (aq) 3 2 (s)Ca(OH) H SiO CaSiO 2H O    (7) 

The lower compressive strength associated with higher 42 
ESP content may be due to the insufficient presence of 43 
silica content in the clay matrix as a result of a higher 44 
additive amount. Therefore, fewer pozzolanic reactions 45 
occurred and unreacted portlandite was prevalent in the 46 
mixture, resulting in a decrease in mechanical resistance 47 
and an increase in porosity [139, 140]. On the other 48 
hand, the XRD spectra revealed that when SDP and 49 
CHP were mixed with clay no reaction occurred ((Fig. 50 
14(b), Fig. 14(c)). It was observed that the addition of 51 
SDP and CHP enhanced the compressive strength of the 52 
samples in comparison to the reference sample, 53 
nevertheless, the highest compressive strength was 54 
obtained with the least amount of waste percentage 55 
(2.5%). This increase in strength for 2.5% dosage is due 56 
to the improved molecular cohesion since higher 57 
cohesion leads to better compressive strength. For SDP 58 
and CHP content of more than 2.5%, the strength value 59 
decreased due to poor adhesion of the clay with the 60 
waste particles. This loss in strength is also associated 61 
with the increase in porosity caused by the inclusion of 62 
lightweight SDP and CHP in the blend. The hydrophilic 63 
characteristic of natural fibres might cause them to 64 
absorb water and expand, efficiently pushing out on the 65 
clay matrix throughout the mixing and drying stages of 66 
sample production. Then at the end of the drying period, 67 
the fibres lose their absorbed water and shrink back 68 
nearly to their original dimensions forming very fine 69 
voids around their periphery which weakens the 70 
interfacial bond (Fig. 15) [141, 142]. Furthermore, SDP 71 
and CHP were added to the mixture at the expense of 72 
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clay resulting in a reduction in silica content which led 1 
to producing more porous structures with lower 2 
compressive strength than silica composites without 3 
additives [124]. These findings are in line with the 4 
findings of Khedari et al. [99], Murillo et al. [130], 5 
Thanushan et al. [100] and  Wang et al. [143]. The 6 
relatively lower compressive strength values of SDP 7 
samples compared to the CHP samples could be due to 8 
the roughness of the CHP particle surface which 9 
contributed to the good adhesion of the fibres to the clay 10 
matrix. ESP, SDP and CHP addition improved the 11 
compressive strength of the air-dried clay samples up to 12 

39.90%, 16.75% and 17.73% and oven-dried samples up 13 
to 28.15%, 16.30% and 20.19% respectively compared 14 
to the reference sample. 15 

Table 6 shows that flexural strength had similar 16 
trends of compressive strength values with increasing 17 
the SDP and CHP waste content. All the samples met 18 
the requirements of the standards (0.25 MPa-0.50 MPa) 19 
[117, 122, 136] of unfired earth blocks. The optimum 20 
values of flexural strength were recorded as 2.24 MPa at 21 
40% ESP and 2.00 MPa at 2.5% SDP and 2.14 MPa at 22 
2.5% CHP representing 47.37%, 31.58% and 40.79% 23 
increase over the reference sample (1.52 MPa).24 

 25 
Table 6 Flexural and compressive strength test results of the stabilised clay blocks (First phase). 26 

Sample 

ID 

Flexural strength (FS) Air-dried Compressive strength (CS) Oven-dried Compressive strength (CS) 

Av. FS 

(MPa) 

Standard 

deviation 

Coefficient of 

variance (%) 

Av. CS 

(MPa) 

Standard 

deviation 

Coefficient of 

variance (%) 

Av. CS 

(MPa) 

Standard 

deviation 

Coefficient of 

variance (%) 

R 1.52 0.14 8.90 4.06 0.39 9.53 5.40 0.22 4.00 

E-10 1.68 0.04 2.59 4.54 0.16 3.44 6.02 0.32 5.33 

E-20 1.99 0.06 2.95 4.88 0.11 2.33 6.57 0.11 1.67 

E-30 2.12 0.06 2.87 5.24 0.16 3.07 6.67 0.09 1.35 

E-40 2.24 0.03 1.36 5.68 0.08 1.32 6.92 0.05 0.67 

E-50 1.81 0.04 2.41 4.77 0.07 1.36 6.36 0.26 4.04 

S-2.5 2.00 0.03 1.52 4.74 0.18 3.85 6.28 0.05 0.84 

S-5 1.86 0.04 2.17 4.29 0.04 0.84 5.82 0.17 2.91 

S-7.5 1.66 0.03 1.74 4.15 0.03 0.61 5.58 0.23 4.09 

S-10 1.36 0.04 2.58 3.53 0.09 2.52 4.74 0.29 6.07 

C-2.5 2.13 0.05 2.36 4.78 0.13 2.66 6.49 0.23 3.55 

C-5 1.99 0.05 2.27 4.58 0.05 1.12 6.22 0.23 3.71 

C-7.5 1.70 0.01 0.34 4.42 0.05 1.20 5.83 0.10 1.72 

C-10 1.57 0.03 1.94 4.18 0.05 1.20 5.64 0.04 0.72 

 27 

 

(a) 
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(b) 

 

(c) 

Fig. 14. XRD analysis: (a) ESP samples, (b) SDP samples and (c) CHP samples. 

 1 

 

Fig. 15. Interaction between natural fibre and soil [141, 142]. 

 2 

4.1.4. Capillary water absorption 3 

The capillary water absorption test is usually 4 
used to determine the immersion resistance and 5 
durability in wet environments of clay bricks. The 6 
incorporation of additives to clay bricks results in the 7 
formation of porosity which increases capillary water 8 
absorption. The structure of pores and how they are 9 
interconnected determine the rate of capillary water 10 
absorption [134, 144, 145]. Samples with higher 11 

coefficients absorb more water, showing higher 12 
porosity, whereas samples with lower coefficients 13 
absorb less water, indicating lower porosity. Fig. 16 14 
presents a decreasing trend in capillary water absorption 15 
coefficient values with increasing ESP content from 0% 16 
to 40% before rising slightly at 50% ESP. This is 17 
consistent with the result of Amaral et al. [54] and 18 
Adogla et al. [38]. This decrease can be attributed to the 19 
pozzolanic reaction induced by the calcium ions in ESP, 20 
which increased bonding within the clay matrix while 21 
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reducing open porosity, similar to traditional lime [38]. 1 
However, the capillary water absorption coefficient 2 
steadily amplified when SDP and CHP content 3 
increased from 2.5 to 10% since beyond 2.5% additives 4 
the bonding between the particles and the clay matrix 5 
became weak resulting in the formation of 6 
interconnecting voids which led to the increase in water 7 
absorption kinetics. Moreover, the absorbent nature of 8 
SDP and CHP may potentially play a role in the increase 9 
in capillary water absorption [146]. This finding is in 10 
accordance with previous research on lignocellulosic 11 
fibre-earth composites which found that increasing 12 
percentages of fibre resulted in higher absorption levels 13 

[98, 100, 147, 148]. On the other hand, Villamizar et al. 14 
[149] and Sharma et al. [150] found that increasing the 15 
amount of natural fibres in compressed and adobe 16 
blocks reduced the water absorption. In general, the 17 
discrepancies in the impacts of all the additives studied 18 
on capillary water absorption may be linked to their 19 
stabilisation mechanism, type of bonding and 20 
rearrangement pattern of particles which were 21 
influenced by the nature of the additives, their particle 22 
size and compaction method [77, 80, 149]. The addition 23 
of ESP resulted in a 15% decrease in capillary water 24 
absorption compared to the reference sample, whilst 25 
SDP and CHP boosted it by 26 and 45%, respectively. 26 

 27 

 

Fig. 16. Capillary water absorption results (First phase). 

28 

4.1.5. UPV 29 

The shape, size and number of pores affect the 30 
wave propagation speed, making it a good indicator of 31 
porosity and compactness. The greater the increase in 32 
porosity, the lower the ultrasonic speed. This implies 33 
that porosity and ultrasonic velocity are inversely 34 
related. UPV values for ESP, SDP and CHP mixed 35 
samples are shown in Fig. 17, ranging from 1263 m/s to 36 
1453.33 m/s, 1560.33 m/s to 1318.33 m/s and 1384.67 37 
m/s to 1123.00 m/s, respectively. Unfired earth blocks 38 
are rarely studied for UPV and there is only a few 39 
research that shows a link between UPV and 40 
compressive strength of earthen materials [128, 151-41 
154]. In this study, the UPV results showed a similar 42 
trend as the compressive strength (Fig. 18). The 43 

Maximum UPV values were obtained for samples 44 
containing 40% ESP and 2.5% SDP and 2.5% CHP 45 
which had the highest compressive strength. An increase 46 
in UPV for the addition of ESP might be attributed to 47 
the pozzolanic reactions of ESP, whereas a decrease in 48 
UPV for increasing SDP and CHP content could be 49 
related to increased porosity in the samples. The 50 
variations in sample performance for different 51 
orientations might be explained by a lack of 52 
homogenisation of the clay mixture. The UPV findings 53 
might give an intriguing supplementary data set that is 54 
closely related to the mechanical strength results. 55 
Consequently, this non-destructive method may be used 56 
to qualitatively assess the quality of unfired earth blocks.57 

58 
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Fig. 17. UPV test results of stabilised clay blocks (First phase). 

 1 

  

(a) (b) 

 

(c) 

Fig. 18. UPV vs Compressive strength (First phase): (a) ESP samples, (b) SDP samples and (c) CHP samples. 
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4.1.6. Drip 1 

The test was performed on cube samples of 2 
each mixture. The lower the depth, the better the 3 
sample's erosion resistance. Table 7 shows that all of the 4 
samples passed the drip test and the pitting depths were 5 
between 0 and 5 mm which means an erodibility index 6 
of 2 (see Table 4), indicating that they are " slightly 7 
erodible." The results demonstrate that ESP, SDP and 8 
CHP addition to clay improves its erosion resistance 9 
compared to the reference sample. The least erosive 10 
mixture with SDP and CHP was 2.5%, whereas the best 11 
performance with ESP was obtained with the mixture 12 
with 40% ESP. The good cohesion between waste 13 
particles and clay prevents water from penetrating the 14 
sample and clay particles from washing away by water 15 
which appears to be the explanation for the sample's 16 
good performance [155].  17 

4.1.7. Water spray 18 

The results of the water spray test show the 19 
durability of the clay brick under severe rains. The 20 
erosion rates of clay samples containing different 21 
amounts of waste percentages are shown in Table 7. All 22 
of the samples exhibited erosion rates of less than 1 23 
mm/hr, indicating that they could resist exposure to 24 
harsh weather conditions. Since a little investigation on 25 

the impact of agro-wastes additives on the erosion 26 
resistance of earth bricks has been undertaken, it's 27 
difficult to generalise the findings, however, in this 28 
study, incorporating the ESP, SDP and CHP in the clay 29 
mixture considerably increased its resistance to water 30 
erosion when compared to the reference sample. 31 
Furthermore, when the results are compared it can be 32 
concluded that SDP brought better resistance than the 33 
other additives. It was also observed that the rate of 34 
erosion increased as the percentage of SDP and CHP 35 
increased in the sample. The poor interface between the 36 
waste particles and the clay was related to the reduced 37 
durability. But for ESP the erosion rate decreased 38 
gradually up to 40% of waste content and then increased 39 
for 50% ESP. This is related to the high filling capacity 40 
of the ESP in the clay matrix which resulted in firm 41 
bonding. Danso et al. [98]  and Sharma et al. [150] 42 
showed that when the amount of natural fibre increased 43 
the durability of the soil matrix improved. According to 44 
the authors, this might be due to improved interaction 45 
between fibre and soil which binds soil particles 46 
together more firmly. Obonyo et al. [156], on the other 47 
hand, found that adding coir fibres in soil-cement blocks 48 
significantly reduced their durability against water. 49 
Also, Akinwumi et al. [157] observed that the durability 50 
of compressed earth bock decreased with the increasing 51 
percentage of shredded waste plastic due to the poor 52 
interaction of the shredded waste plastic with the soil. 53 

Table 7 Drip test and water spray test results of stabilised clay blocks. 54 

Sample ID 

Drip test Water spray test 

Dept of pitting 

(mm) 

Erodibility 

Index 
Rating 

Depth of erosion 

(mm) 

Rate of 

erosion 

(mm/hr) 

Erodibility 

index 

R 4.87 2 Slightly erosive 44.94 0.75 2 

E-10 3.58 2 Slightly erosive 39.45 0.66 2 

E-20 3.75 2 Slightly erosive 36.52 0.61 2 

E-30 2.60 2 Slightly erosive 35.92 0.60 2 

E-40 2.16 2 Slightly erosive 30.88 0.51 2 

E-50 2.37 2 Slightly erosive 38.47 0.64 2 

S-2.5 2.18 2 Slightly erosive 22.46 0.37 2 

S-5 2.38 2 Slightly erosive 25.95 0.43 2 

S-7.5 2.46 2 Slightly erosive 27.71 0.46 2 

S-10  3.23 2 Slightly erosive 28.68 0.48 2 

C-2.5 2.73 2 Slightly erosive 32.56 0.54 2 

C-5 3.10 2 Slightly erosive 33.49 0.56 2 

C-7.5 3.64 2 Slightly erosive 38.78 0.65 2 

C-10  3.82 2 Slightly erosive 40.63 0.68 2 

 55 

4.2. Second phase 56 

Results of the first phase indicate that the 57 
addition of 10-40% of ESP improved the strength and 58 
2.5% SDP and CHP performed the best. Hence, in the 59 
second phase, 2.5% of SDP and CHP were combined 60 
with 10-30% of ESP to examine the properties of the 61 
clay samples (Table 8). It can be seen that when ESP 62 
was combined with SDP and CHP, the density (Fig. 19) 63 
and linear shrinkage reduced (Fig. 20) but capillary 64 
water absorption increased (Fig. 21) compared to the 65 
only 2.5% SDP and 2.5% CHP samples. Furthermore, 66 
strength exhibited a decreasing trend (Table 9), 67 
although, they met the standard criteria. This is again the 68 

fact that the calcium oxide (CaO) in the ESP interacts 69 
with water to produce portlandite (Ca(OH)2), which then 70 
reacts with silica (SiO2) in the clay to form calcium 71 
silicate hydrate (CaSiO3·2H2O) which gives the 72 
materials their strength. However, when clay was 73 
substituted by SDP/CHP in a mixture, the amount of 74 
silica (SiO2) available to react with portlandite Ca(OH)2 75 
decreased, and unreacted portlandite had a detrimental 76 
influence on strength [111]. Fig. 22 and Fig. 23 present 77 
the XRD analysis of the Eggshell-Sawdust and 78 
Eggshell-Coconut husk samples. Moreover, the UPV 79 
results presented in Fig. 24 revealed that when the 80 
amount of ESP increased with SDP/CHP, velocity 81 
declined, indicating the formation of more porous 82 
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materials. Similar to the results of the first phase UPV is 1 
directly related to the strength values (Fig. 25(a) and Fig. 2 
25(b)). Regarding the durability test, the samples 3 
showed a slight increase in erosion rate compared to the 4 
only 2.5% SDP and 2.5% CHP samples (Table 10). 5 

Besides, according to visual inspection following the 6 
water spray test, the reference sample displayed multiple 7 
surface cracking, where the other samples from the first 8 
and second phases had smoother surfaces (Fig. 26). 9 

Table 8 Mix details (Second phase). 10 

Sample ID Clay (g) 
Waste (%) Waste (g) 

ESP SDP CHP ESP SDP CHP 

ES-2.5/10 550 10 2.5 0 55 13.75 0 

ES-2.5/20 550 20 2.5 0 110 13.75 0 

ES-2.5/30 550 30 2.5 0 165 13.75 0 

EC-2.5/10 550 10 0 2.5 55 0 13.75 

EC-2.5/20 550 20 0 2.5 110 0 13.75 

EC-2.5/30 550 30 0 2.5 165 0 13.75 

 11 

  

Fig. 19. Density results (Second phase) Fig. 20. Linear shrinkage results (Second phase) 

 
(c) 

Fig. 21. Capillary water absorption results (Second phase). 

Table 9 Flexural and compressive strength test results of the stabilised clay blocks (Second phase). 12 

Sample ID 

Flexural strength (FS) 
Air-dried Compressive strength 

(CS) 
Oven-dried Compressive strength (CS) 

Av. FS (MPa) 
Standard 

deviation 

Coefficient of 

variance (%) 

Av. CS 

(MPa) 

Standard 

deviation 

Av. CS 

(MPa) 

Coefficient of 

variance (%) 

Standard 

deviation 

Coefficient of 

variance (%) 

ES-2.5/10 1.70 0.03 1.56 4.35 0.22 5.82 5.12 0.21 3.67 

ES-2.5/20 1.55 0.05 2.90 4.07 0.04 5.44 0.89 0.05 0.97 

ES-2.5/30 1.44 0.03 1.84 3.89 0.07 5.19 1.75 0.03 0.49 

EC-2.5/10 1.78 0.07 4.13 4.49 0.27 6.02 6.06 0.12 1.92 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

D
en

si
ty

 (
k

g
/m

3
)

0

1

2

3

4

5

6

7

8

9

L
in

ea
r 

sh
ri

n
k

a
g

e 
(%

)

0.000

0.050

0.100

0.150

0.200

0.250

C
a

p
il

la
ry

 w
a

te
r 

a
b

so
rp

ti
o
n

 c
o

ef
fi

ci
en

t 
 

(k
g

/m
2
.m

in
0

.5
)



20 
 

EC-2.5/20 1.62 0.02 0.94 4.10 0.06 5.54 1.41 0.11 1.95 

E-C2.5/30 1.47 0.16 11.20 3.91 0.08 5.21 2.07 0.01 0.22 

 1 

 

Fig. 22. XRD analysis of ES samples. 

 

Fig. 23. XRD analysis of EC samples. 

 2 

 

Fig. 24. UPV test results of stabilised clay blocks (Second phase). 
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(a) (b) 

Fig. 25. UPV vs Compressive strength (Second phase): (a) ES samples and (b) EC samples. 

 1 
Table 10 Drip test and water spray test results of stabilised clay blocks (Second phase). 2 

Sample ID 

Drip test Water spray test 

Dept of pitting 

(mm) 

Erodibility 

Index 
Rating 

Depth of erosion  

(mm) 

Rate of erosion 

(mm/hr) 

Erodibility 

index 

ES-2.5/10 3.12 2 Slightly erosive 33.05 0.55 2 

ES-2.5/20 3.20 2 Slightly erosive 35.91 0.60 2 

ES-2.5/30 3.28 2 Slightly erosive 36.79 0.61 2 

EC-2.5/10 3.47 2 Slightly erosive 38.84 0.65 2 

EC-2.5/20 3.53 2 Slightly erosive 40.09 0.67 2 

EC-2.5/30 3.80 2 Slightly erosive 40.38 0.67 2 

 3 
 4 

 

Fig. 26. Samples after water spray test. 

 5 

6. Conclusions 6 
This study evaluates the potential use of 7 

eggshell powder, sawdust powder and coconut husk 8 
powder in the production of unfired clay blocks. The 9 

3.00

3.50

4.00

4.50

5.00

1100

1150

1200

1250

1300

1350

1400

1450

1500

1550

1600

S-2.5 ES-2.5/10 ES-2.5/20 ES-2.5/30

C
S

 (
M

P
a
)

U
P

V
 (

m
/s

)
UPV CS (air-dried)

3.00

3.50

4.00

4.50

5.00

1000

1050

1100

1150

1200

1250

1300

1350

1400

1450

C
S

 (
M

P
a
)

U
P

V
 (

m
/s

)

UPV CS (air-dried)



22 
 

physico-mechanical and durability properties such as 1 
density, linear shrinkage, capillary water absorption, 2 
flexural strength, compressive strength, ultrasonic pulse 3 
velocity test, drip test and water spray test were 4 
investigated. Experimental tests conducted on unfired 5 
clay blocks revealed the following conclusions: 6 

1. When the amount of the waste materials was 7 
increased in the mixture the density of the samples 8 
gradually decreased. However, all the ESP incorporated 9 
samples reached the minimum value of 1750 kg/m3 10 
required by the Indian Standard: IS 1725 and Sri Lankan 11 
Standard: SLS 1382 for the load-bearing blocks. For 12 
SDP and CHP additives, only 2.5% content achieved the 13 
standard requirement. Other percentages can be used to 14 
produce lightweight masonry blocks. 15 

2. The XRD analysis indicated that there was 16 
no reaction when SDP and CHP were mixed with clay. 17 
In the presence of water, however, ESP reacted with clay 18 
to create cementitious material, significantly improving 19 
the properties of the samples.  20 

3. The linear shrinkage decreased with the 21 
addition of ESP and SDP but increased with CHP 22 
addition. Besides, the capillary water absorption 23 
coefficient decreased for ESP addition up to 40% and 24 
then increased for the higher amount. For the SDP and 25 
CHP samples, the capillary water absorption gradually 26 
increased with increasing the waste percentage. 27 

4. In terms of mechanical properties, after 28 28 
days, all the waste-incorporated samples fulfilled the 29 
minimum compressive strength (1 MPa-2.80 MPa) and 30 
flexural strength requirement (0.25 MPa-0.50 MPa) of 31 
the standards. ESP samples showed higher compressive 32 

and flexural strength values (FS: 2.24 MPa, CS: 5.68 33 
MPa) compared to SDP (FS: 2 MPa, CS: 4.74 MPa) and 34 
CHP (FS: 2.14 MPa, CS: 4.78 MPa) samples. However, 35 
combining ESP with SDP and CHP resulted in a loss of 36 
strength. 37 

5. It was noticed that the UPV measurements 38 
followed a similar pattern to the strength. The samples 39 
with the highest compressive strength of each group 40 
were found to have the highest UPV values, with 40% 41 
ESP, 2.5% SDP and 2.5% CHP. 42 

6. According to New Zealand standard NZS 43 
4298, all samples passed the drip test and water spray 44 
test, where an erodibility index of 2 was recorded, 45 
suggesting that they are "slightly erodible." The results 46 
showed that when ESP, SDP and CHP were added 47 
individually and in combination with clay, erosion 48 
resistance improved compared to the reference sample. 49 

The results of this experiment revealed that 50 
ESP, SDP and CHP can be used to stabilise unfired clay 51 
blocks because they improved the samples' overall 52 
properties. Moreover, the results of the tests may be 53 
useful in finding a solution to the waste management 54 
problem as well as providing potential low-cost 55 
materials for the construction sector. 56 
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