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Abstract

Theincreasingdemandor construction materials along with the challenge of waste management has necessitated the development of

sustainable materialgilising wastegproperly. Therefore this research examines the utilisation of various agricultural wastes, such as
EggshellPowder (ESP), SawdustPowder (DP) and CoconutHusk Powder(CHP), in the production of unfired clayldtks Samples
were made with ariouspercentagesf wastes: 1860% of drywt. of clay for ESP and 2.510% for SDP and CHP. In this study the
physicemechanical and durability properties of unfired clay blocks were investigatshldycing density, linear shrinkage, capillary
water absorption, flexural strength, compressive strength, ultrasonic pulse vedetitlrip test and water sprdest The tests were
carried out in two paseswith the first phase including tlrdividualintegration of waste the mixtureand the second phase combining
ESP (10-30%)with theoptimum SDP (2.5%)and CHR(2.5%) The test results show that when the additives wereindaddually, the
40% ESP saamplesperformed the best whereas fdDiS and CHP 2.5% content showed better performadontrarily, thesamples'
overall characteristics deteriorated whe®PE DP, and CHP were used together. Nevertheless, all caimplesmetthe strength
requirement of the standards and passed the durability Testsesults of this study might be useful in assessing the potenti&Pof E
SDP and CHP for the production of unfired clay bloakswell as finding aolution to the waste management problem

Keywords: Agro-wastes, Durability properties, Mechanical properties, Physical properties, Uriéiyeblocks

1. Introduction

i 5
Currently, a new awareness dhe application 57
of sustainable and healthy materiaighe construction

sectoris emergng in both developing and developed gg
countries. The manufacturing processf conventional 60
building materialdike concrete and fireearth bricks 1

are not ory expensive but also has negative 5
environmentakffectssuch agxcessive energy demand
and greenhouse gas emissifih8]. On the other hand,
unfired eartlen materias require approximately 99%
less energy for the manufacturing process compared t%6
concrete[4] and hae less embodied energy (0.45
MJ/kg) than fired earth bricks (8J/kg) [5]. There are
also many other benefits famfired earthen building
materials, including regionally available raw materials,
easyto-construct, coseffective, good hygrothermal
properties and ease of recycling with minimum 72
environmental effectd6-8]. Hence, unfired eartten
materiab are gaining growing attention as natural 4
sustainable matergl for building construction
However there are some disadvantages associated Wi'[l976
earthen structures such as poor mechanical and 77
durability propertiesas well as regular repajp-12]. 78
Consequently researchers have experimented with
different additives and stabilisatiortechniques to
enhanceits propertiesand a substantial number of
studies on this issue have been published in rece 5
deca@s [13-15]. These investigations indicate that
different stabilisers impart strength and durability to
eartten materias to different exterst depending upon
the chemical compositienand physicemechanical
properties of individual stabiliselrResearchers have
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suggested many kinds of mamade stabilisers such as
cement, lime, plastic waste, synthetic fibre etc. to
improve the performanceof the earthen materm[16-
20]. Cementthough, is a source of G@missions from
these stabilisers, ithe most commonly used or{@1-
23]. The use of mamade stabiliser@n the other hand
lowers WKH 3] bkbddtepf earthen materialdy
increasing embodied energy levels and reducing the
recyclingpotential ofdemolished waste To overcome
this, the utilisation of natural materialsuch as
agricultural residuefor earth stabilisation is becongy
widespread among researchi4-28].

The global development of the aigultural
industry produces large volumes daigrowastes
annually and a growing environmental concern has
emerged from the accumulation of unmanaged residue
particularly in developing countriesn recent years,
scientists have tried to reduteamountof agio-wastes
by finding new applicationsSince alternative material
studies now explicitly prioritise the reduction of energy
usage and the resolution of waste management
problems, several stigs have shown that this challenge
can be achieved by usinggrowastes for building
material production14, 29, 30] Studies reveal that
utilisation of the agrewastes as stabilisers in the
production of unfired earén materiak is more
beneficial than mamade materials in terms of
environmental (energgaving), economic (cost
reducing) and ecological (resoursaving) perspectives
[31]. It is moreeconomical to use regionally available

5 vernacular agravastes as they require less processing

and negligible transportation cg&?]. Depending on
the availablity , variousagmo-wastes havelreadybeen
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utilised to improve the characteristics of unfired clay 61
bricks in different countries According to several 62
studieq14, 29, 30] the inclusion of agravastes into the 63
unfired chy bricks has often resulted in improved 64
characteristics. Therefore, this present study aims a65
utilising three agravastes namely eggshell, sawdust 66
and coconut husk to evaluate their possible applicatior67
as the alternative raw materials to enhance the68
peformance of developed unfired clay blocks. 69
Moreover, utilisation of these agwastes in the 70
production of sustainable construction materials 71
contributes to a feasible solution to the waste72
management problem. 73

Eggshels are considered waste materiab 74
mainly generated by the poultry and food industiiée 75
total global production of eggsheié around 110 billion 76
tonneswhich eventually ends up going to landfill sites 77
[33]. It is observed thatggshells are high in calcium 78
levels ranging from 94% to 98984-36]. Also, calcium 79
in eggshek is more dsorbable than the calcium 80
contained in limestone or coral sourcks] which 81
contributes to reinforcing material bondif&8] and his 82
featureof the poultry eggshelhas made it an attractive 83
choice for natural reinforcement. Hence, scientists have84
started investigatianto use eggshelifor developing 85
different types of valuable and utilisable prody&s, 86
37, 3942). Severalrecent studies showed that eggshell 87
powder and eggshell ash can be used $oil 88
stabilisatior{43-47] andmaking building materials such 89
as unfired laterite brick38, 48] fired brick [49, 50] 90
sandcrete block51], concrete block52, 53]and soil 91
cement brick[54]. Ayodele et al.[48] developed 92
lateralised unfired bricks incorporating combinatiofi 93
sawdust ash and eggshell ash ef@0wt%. The test 94

resulsrevealed thathe density of the samples increased 95
steadily up to 4% ash content, after which it started t096
decrease for higher ash percentage thiedmaximum 97
compressive strengtiwas achieved for 2% ash 98
contentIn another studyAdogla et al[38] assesal the 99
potentiality of eggshell powder 640 wt.%) in the 100

production of unfired compressed brickslt was 101
observed thahcorporation okggshelincreasedhe dry 102
density of thesamplesand the sampleswith 30% 103

eggshell showed better performance in compressivel04

strength, wateabsorption and abrasion resistance test.105
On the other handawdust or wood dust the 106
fine wood particleoroducedas a byproductof thewood 107

or timber industry. Generally, sawdust has wikd 108
characteristics although certain structural propertie09
have been modified due tiss particle nature.The 110
chemical composition of dry wood varies by species 0i11
trees.The main chemical components sawdustare 112
lignin (18-35%) and carbohydrate (6%%) while small 113
quantities of extraneous materials-1@%) are also 114
found[55, 56} The bulk density of sawdust is found to115
be very low (15200 kgm®) [57] and it has a very low 116
thermal conductivity, making it suitable for idation 117
material [58, 59] Researchers conducted experiment418
using sawdust for manufacturindifferent types of 119
building materials [60]. Some of the deveped 120

materials include particleboard[61-65], insulation
material[66], cement concrete brid67, 68] fired clay
brick [58, 6973] and unfired brick [24, 48, 7480].
Demir [74] examinedthe compressive strength of
unfired clay bricks containing 2.5 to 10% sawdust and
found that adding sawdust to unfired beanhanced
compressive strengtiSimilarly, Ouattara et al[76]
observeanimprovement ithecompressive strengtf
clay bricks with 15-20% of sawdust conteriowever,
the study of Ganga et 4I(5] showed no improvement
in compressive strength of taampleswith the addition
of sawdust or mahogany shavinds. another study,
Vilane [24] produced adobe bricks with sawdust (0
20%) and obtained the optimm percentage to be 15%
as it gave the highest compressive strenigtkhio et al
[79] found higher compressive strength valuey
replacing sand with 20% salwst, while the study
observed a decreasiritend in flexural strengthThe
water absorption properties of sawdust lignin and
cement (4, 8 and 12% by mass) stabilised compressed
earth blocks werassesselly Fadele and At§/7] and
the results indicated better performances of sawdust
stabilised samples than the cement stabilised samples.
According toCharai et al[78], the density andhermal
conductivity of the sawdustiay composite decreased
with theincreasingamount ofsawdust fron2-10 wt.%
De Castrillo et al[80] used straw and sawdust (30%
70% by volune) to produceraditional adobe bricks
According to the finding, the bulk density, thermal
conductivity, flexural and compressive strength of the
adobes all reduced as the proportion of both fibres in the
samples increased. Moreoysawdust adobeshoweda
gradualrise in capillarywaterabsorptiorthan the straw
adobeswith the increase ifibre percentage

Coconut husk ianothemgriculturalwastethat
is the byproduct of coconut production mainly obtained
from the outer shell. Coconut is a tropical plamat
grows largely at latitudes between 20°N and 2(8).
Although billions of coconuts are produced each year,
only 15% of the residual fibres from the harvesting
process are useds materials for manufacturing
purposes [82]. The coconut husk contains
approximately 75% of coconut coir fibres and 26%
thepith [83, 84] The coconut coir is reddigirown and
composed of cellulose, hemicellulose, lignin and pectin
[85]. Studies show that thedditionof coconut coir can
reduce the thermal conductivity of the comipe and
resultin a lightweight produdue to its low bulk density
[86, 87] Coconut coir has been examined by many
researchers in manufacturing different construction
materials such as insulatiboard[88], fibreboard[89],
particleboard[90], concrete block91-94], fired brick
[95-97] and unfired earth blod©8-102]. Besids, it has
been used for soft soil stabilisatiff03-105]. Khedari
et al.[90] [99] assessed tithermal properties of unfired
soil blocks using coconut coir fibre (1€20% of
reference cement volumahdthe findingsshowed that
the presence ofcoconut fibres reduced the density,
thermal conductivity and compressive strength of the
sampleblocks The studyrecommendead 20% ratio as
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the optimum for the best thermal performarganso et

al. [98] produced unfired ely blocks using various
proportions (0.25L wt.%) and lengths38 mm, 50 mm
and80 mm) of coconut fibre Thefindings showed that
dry densityreducedbutwater absorption increased with
the addition ofibre. Also, both compressive and tensile
strength improved significantly by adding fibre up to
0.5%. In the study of Thanushan et al.[100]
incorporation of coconut fibre from G26% of mass
portions caused gradual decrease in compressive and
flexural strengthbut an increase inwater absorption
values Sangma et al[101] studied the physio-
mechanical properties of unfired earth blocks by adding
5% and 20nmto 80mm coir fibre.The study concluded
that the reinforcedblocks had higher tensileand

compressivestrengththan the unreinforcelllocksand 22
the 40 mm long coconut fibreperformed the best. 45
Purnomo and Arini [102] performed experimentsn 46
coconut coir (treated) reinforcednfired bricls to 47
investigate how humidityinfluences its physio- 48

mechanical propertieFhe results revealed thet wet
conditionsthebrick samplesvith 4% treated and 28m
coir fibreexhibitedbettermechanical propertighan the
othersamples

From the literaturg it can be noticed that
research oithe effect ofeggshell, sawdust and coconut
husk on selected properties of unfireday blocks is
limited. Hence this study presents thephysio-
mechanicaland durabilitypropertiesof the developed

(@) (b)

unfired clay Hocks utilising eggshell, sawdust and
coconut huskThe experimental study was conducted in
two series.In the first series of the test, various
percentages @fggshell, sawdust and coconut huske
addedn the mixturandividually to produce theamples
andtheir properties werexaminedBased on the results
from the first seriesa second series &g performedto
assesshar combined effectThe results oboth series

of experimental tests were analysed distussed

2. Raw materials and sample preparation
2.1. Materials

The substances employed in the production of
unfired clay samplesare Red Clay Powder (RCP)
Eggshell Powder ESP), Sawdust Powder SPP),
Coconut Husk PowdeilCHP) and water(Fig. 1) The
FOD\ XVHG LQ WKLV VWXG\ ZDV VXSS
Supplies, UK. ltis a raw reddish powdered clélyatis
dugdirectlyfrom the grouncgndcontairs some pebbles
since it is in its natural stat&he ESP, SDP and CHP
usedwere obtained fromthe local retailess in the UK.
The raw materialsvere sievedwith the square mesh
sieveto havea controlled particle siZeetweer212 P-

150 Pfor ESPand600 P-425 m for SDPand1.18
mm-300 P | RHP.In the mixtura, normal tap water
was used

(©

(d)

Fig. 1. Raw materials: (aRCP, (b) ESP, (c) P and (d) CHP.

73

74

Standard proctor compaction td4i06] was 75

used to experimentally determine the optimum moisture76
content and maximum dry density while BS 1377 77
2:1990 standarfll07] establishes the Atterberg limit of 78
clay. Chemical properties and mineralogical phase79
evolution of RCP, ESP, SDP and CHP were assessed b§0
means of X-ray Fluorescence (XRF) (EDX20 81
Shimadzu, Japan) andrdy Diffraction (XRD) (Rigaku 82
MiniFlex) analysis respectively. Moreovein this 83
study, the surface morphology of raw materials was 84
characterised bycanning Electron Microscopgsing 85
an FEI InspectS SEM modelat 20 kV accelerating 86
voltage after gold-coating the materialBesides, the 87
density was determined by the cylinder method and88
porosity was measured following the method of 89

2.2. Characterisation of raw materials

Horisawa et al[108]. Furthermore, specific gravity was
obtained according to the BS EN 1688tandard109].

The physical and chemical properties of the
raw materiad are summariseth Tablel and Table2
respectively. The proctor compaction test on clay
revealed a maximum density of 2320 k§/mt an
optimum moisture content of 15.50%. Furthermore, the
clay had a plastic limit of 19.25% water content and a
liquid limit of 31.61%, indicating that it was a medium
plastic clay with a plasticity index of 12.36%ig. 2
shows the grain size distribom curve of the RCP
determined by sieve analygikl0]. The bulk densities
of RCP, BSP, DP and CHP were easured as 1.43
glcn?®, 1.17 g/crd, 0.23 g/cm and 0.13 g/cr with
specific gravities of 2.32, 1.74, 1.14 and 0.61
respectively. Besides, CHP was more porous in nature
(7.65) compared to ¥ (5.09) and EP (0.56) and
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30
31

32
33

according to the water absorption t€3t|P had a higher 15
absorption rate (195.16%) thabB (127.66%) and & 16
(39.42%). 17

The XRD analysis (Fig3(a)) displag the 18
presence of quartz (SiD kaolinite (Ak(SizOs)(OH)s) 19

DQG KDHPDWLWH )Hw2x LQ 5&3 2K

the XRF test findings lown in Table2. Silica and 21
aluminiumwerefound in the clay, making it a pozzolan. 22
Furthermore, the presence of ferric oxide (B 23
highlights the redness of clay. On the other har&R E
wasfound @& anonpozzolanic material since it lag#
siliceous and aluminous elements. Howev&R bal a
significant quantity of calcium oxide (CaO) obtained 28
from the calcination of calcite (CaGQ which is

necessary for a pozzolanic reaction to affect the
cementitious characteristics of clay bricks (F3fb))
[111]. Also, the disorderedXRD patterrs indicate the
presenceof amorphous phaseghemicelluloses and
lignin) in SDP and CHRFig. 3(c) and Fig.3(d)).

The SEM imagesof the raw materials are
illustrated inFig 4. It can be observed that eggstbid
agglomerated irregat stondike shape particles (&
4(b)). On the other hand, sawdust particlesne in a
variety of sizes and forms, with rough surfaces including
heterogeneous fibres with multiple protrusions and folds
(Fig. 4(c)). Fig. 4(d) shows thatoconut husk particles
had an irregular honeycomflike spongy structure
consisting of many pores

100
< 90
?2’ 80
g 70
) 60
g 50
g 40
30
20
10
0
0.01 0.1 1 10
Particle size diameter (mm)
Fig. 2. Particle size distribution curve of RCP.
Table 1Physical characteristics of raw materials.
Item RCP ESP SDP CHP
Liquid limit (%) 31.61 - - -
Plastic limit (%) 19.25
Plasticity Index (%) 12.36
Maximum dry density (kg/f) 2320
Optimum moisture contelfo) 15.50 - - -
Density (g/cr) 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 afté¥4 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
Table 2Chemical compositions of the raw materials from the XRF test.
Chemical Compounds (%) RCP ESP SDP CHP
Sio; 41.454 0.097 0.348 4.059
Al,Oq 15.214 - 0.390 1.206
FeOs; 8.104 - 0.186 1.184
MgO 5.114 0.522 0.408 0.767
K0 1.636 0.155 0.340 3.942
TiO, 1411 0.096 0.171 0.596
Na,O 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
SO 0.047 0.345 0.049 0.275
MnO 0.040 - 0.026 0.013
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Fig. 3. XRD spectra(a) RCP, (b) ESP, (c) SDP and (d) CHP.
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2.3. Samplepreparation

(©

(d)

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

10

The experimenprogrammewas conducted in 11
two phases. In théirst phaseclay sampleswith five 12
different percentages &SP (10, 20%, 30%, 40% and 13
50% by veight of clay) and foupercentagesf SDPand 14
CHP(2.5%, 5%, 7.%% and 10% by weight of clayyere 15

produced According tothe findings of the first phase
in the second phaséSP was combined witloptimum
SDP and CHPto makethesampleblocks Table3 gives
the mixing proportions othe experimentof the first
phase Samples for the physical and mechanical
propertiedestswere prepareth prismatic moulds of@
mm x 40 mm x18 mm (Fig. 5(a)) following the British
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standard BEN 101511 [112] for cement mortars 20
which arefrequentlyusedfor unfired brickstudies due 21
to thelack of thespecificstandard. Threesamplesvere 22
testedor each percentagand he estsincluded density, 23

linear shrinkage capillary water absorption, flexural and 24
compressive strengtldn the other handpf durability 25

testssamplesof 100 mm x 1M mm x 10 mm and 65 26
mm x102mm x 215mm were cast (Fig5(b) and Fig. 27
5(c)). First claywaspassedhrough a sieve witk 2.00 28
mm? mesh size toemoveanylumps Thendryclay and 29
waste materialarerethoroughlymixedin amechanical 30
mixer machine Afterwards,based on the proctor test 31
1550% of water by dry weight of clay was gradually 32

added to thery mixture toobtainthe optimum moisture 33
content and homogeneity for moulding s@mplesTo 34
maintain the sameonsistency for moulding quantitf 35
water in each series was adjust€de mixture was put 36

into the moulds in two layers and each layer was37
manually compacted with 25 blows. Uniform

compaction may not have been accomplished in this
investigation due to # hand compaction. However,
hand compaction was applied to interpret the production
of unfired clay brick in rural areas where advanced
apparatus is unavailabldhe sampleswere covered
with plastic bags for 24durs after being moulded to
ensure uniform water absorption and no suddss of
moisture. Before demouding, he sampleswere then
dried at the laboratory room temperatureanjund23-
26°C and relative humidity 080-34% for 7 days.Clay
sampleswere dried naturally to slowly dissipate the
moisture and reduce internal crack due to shrinkage.
After demouldng, thesamplesvere diedfor another 21
days in the same laboratory conditions before being
examinedAlthoughthe absence of cement in the blends
implies that no curing period is needed by tamdard,

this dryingperiodwas choseasmosttraditionalunfired

clay brick manufacturergase it

Table 3Mix details (First phase).

Waste (%) Waste ()
Sample ID Clay (@) 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
S25 550 0 25 0 0 13.75 0
S5 550 0 5 0 0 27.50 0
s75 550 0 75 0 0 41.25 0
S10 550 0 10 0 0 55 0
C2.5 550 0 0 25 0 0 13.75
c5 550 0 0 5 0 0 27.50
C75 550 0 0 75 0 0 41.25
c-10 550 0 0 10 0 0 55

@ (b)

©

Fig. 5. Samples: (a0 mm x 40 mm x160 mntb) 100 mm x 100 mm x 100 mand(b) 65 mm x102 mm x 215 mm.

3. Tests 54

Density, linear shrinkage, compressive
strength, flexural strengtltapillary water absorption,
ultrasonic pulse velocity (UP\Mgst drip test, and water 58
spray tests were performed on themples A review
study of prior researcf22, 30] led to the selection of
these tests, which included a wide range of physical,60
mechanichand durabilitypropertiesrelevantto unfired 61
clay blocksMoreover, XRD analysis was used to study 62
the crystal structure of the clay composi&mples
dried for 28 days were grounded into fine powder to use
for the analysisTests were performed on a Rigaku mini

59

flex X-UD\ GLIIUDFWRPHWHU XVLQJ

5 generated at 306k and 15 mA.The samples were
6 scanned in continuous scan modereaagular speeof
7 2°/min and themeasurement HUH WDNHQ

IRU
from 5° to 60°.

3.1. Density test

The density of materials has influences on their
properties like strength, heat and conductivity this
study, BS EN 7711 [113] standard wagollowed to

3 determine thedensites of the samples The test
4 procedurecan bedescribedas follows: the 28daydry

&7
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samplegaverage of thregamplegper mix composition) 24

were carefully cleanedwith a cloth to eliminate any
loose substanceattached Then all dimensiors of the
samplealong the edge &re measured using digital

calliper (precision0.01 mn) and the averagealue for 25

each dimensiowascalculated The volume Y, m?) and
mass K, kg) of the sampleswere measured and the
densiy (!, kg/n¥) was determinedusing the following

Eq. @):

@ 30

3.2. Linear shrinkage test 33

Shrinkage control is crucial for preventing the
deformation and cracking of tisamplesitis aphysical
phenomenonthat is caused by thesvaporation of
moisture content in thesamplesduring the drying
process The linear shrinkagetest was performed
following the BS EN 77214 [114] standardon three
samples per M composition For the test procedure
four dimensions ofthe prism mould length (Li, mm)

were measuredand & the end ofthe 28-day drying 39
period thefour dimensionsf the prism samplelength 40
(Ls, mm) were recordedusing a digital calliperThe 41
averagdengthwasthentakenandEq. (2) was used to 42

calculate thdinear shrinkageS;, %):

@

@

3.3. Flexural strength test

A 25 kN frame capacity Tinius Olsen H25KS
was used to test the flexural strength under thapt
loading in accordance with BS EN 101%[112]. The
test was performed on the full prisampleg40 mm x
40 mm x 160 mm) after 28ays of the drying period.
The clear span between the two supports was 100 mm
asshown in Fig6 and the load was applied at a rate of
10 N/s at the middle of treamplesuntil it failed. Three
sampledrom each mix design were tested resulting in
the formation of halsamplest the end of the test which
were then used for compressive strength and capillary
water absorption tests. The following Eg§) from EN
101511 was used to determine the flexural strength:

®)

Wheref (MPa) is the flexural strength; (N) is the
obtained load,L (mm) is the distance between the
supportsh (mm) is the height of theample andd (mm)

is the width of theample

(b)

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

3.4. Compressive strengthtest gg

Half prismsampleswvith an average dimension 57

of 40 mm x 40 mm x 80 mm were tested for
compressive strength according to the BS EN 1015

[112] standard. Threeamplesvere examined and mean
values were calculated for each mix design. A

computerised and motorised triaxial machine was use®8
for the test (Fig.7). According to the standard, the 59

sampleswere aligned centrally between two bearing
steel plates of 40 mm x 40 mm and the charge velocity

used was 0.40 MPa/s until visible damage was caused
by the compression. The compressive strength was
determined using the Eqt)(

(4)

WhereC (MPa) is the compressive strengh(kN) is
the ultimate loadA (mn¥) is the area of the bed face.
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@

(b)

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

14
15
The capillary water absorption test was 16
performed to determine the ability of the waste 17
incorporated claygamplesto resist the absorption and 18
retention of water. BS EN 10488 [115] specifies the 19
test method oone half prismsample(40 mm x 40 mm
x 80 mm) obtained from the flexural strength test.
Following the standard, to attain constant mass the haIE0
prisims werefirst dried for 24hoursat 60 + 5 °C in a 21
ventilated oven and the mass of the cdelrd sampls 2
wererecorded. As theampledad dissimilar sizes after
the breakage in the flexural strength test, flat faces of the

3.5. Capillary water absorption test

@

samplesvere immersed in a constant hemater bath to

a depth of 5 mm for 10 min to ensure consistency (Fig.
8). Then after 10 min, theamplesvere removed from

the water and their mass were noted. The capillary water
absorption was calculated (average of tis@@apleper

mix composition) by the following E¢5) [115]:

®)

Where C, (kg/(mPxmin®9) is the capillary water
absorption coefficientil; (g) is the initial mass of the
sampleandM; (g) is the mass of theampleafter 10 min.

(b)

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

37
3.6. UPV test 38
Low density and high absorption potential 39
agrowastes can affect the porosity and consequently, 40
the strength of theamplesHence, the UPV test which 41
is a nondestructive procedure for assessing the presencé?2
of voidsand density ofamplesThe test was performed 43
on the 65 mm x102 mm x 215 nwamplesfter 28 day 44
of casting using a Proceq Pundit-PQ0 ultrasonic pulse 45
equipment. This equipment measures the delay timet6
required for a transmitted ultrasonic wave toétdrom 47
the transducer and return to the transducer through the
interposedsample A coupling gel was applied between

the samplesand transducers to avoid the existence of
voids in the contact area. Tlsamplesvere measured
for length (L), width (W) andheight (B prior to the test

in order to determine UPV for each direction (Bi@)).
The direct transmission (Fi§(b)) was used to measure
the UPV as it is considered the most reliable
configuration[116]. The test findings can be used in
determining the durability of theamplesby assessing
the decrase of voids inside theamplesas velocity
increases with the decrease of voids suggesting a
compact and denser composition.
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(b)

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

3.7. Geelong driptest

The wet erosion test was perfornfetlowing 40
the NewZealand Standard NZS 429817] which is 41
based on the Geelong drip test method. This test method2
was originally developedat Deakin University, 43
Australia to evaluate thecapacity of the earthen 44
materials towithstand erosion caused by light and 45
indirect rainfall. LaterFrenchan118] categorised the 46
earhen materials by relating the depth of pitting to an 47
Erodability index (Table}) which relates the erosion to 48
reatlife performanceg119]. The test was carried out on 49
the 1@ mmx 100 mmx 100 mmsamplesy simulating 50
rain dropletsAccording to the procedure, tlsampls 51
werepositioned at 30° angleat the base and vertically 52
400 mmaway from a water containdrom which water 53
was allowed to dip on thesurface of thsamplsata 54

controlled flow for60 min (Fig 10). After testing the 55
erodibility index wascalculated by measuring the pit 56
depth created by the water drops onshmple with a 57

calliper of 0.01 mm resolution. This simple test can be
acceptable in areas where annual precipitation is around
500 mm but its applicability in areas with higher ralhf
levels has yet to be determindd9].

3.8. Water spraytest (Pressure spray method)

The pressure spray test is also known as the
PDFFHOHUDWHG HURVLRQ WHVWSES
practice. However, according to Heathc{it@0] and 59
Walker et al[121], this test is more extreme than real
climatic conditions. The test was carried out in
accordance with New Zealand Standard NZS 4293|
to assess the resistance of the samples against
continuous rainfall conditions. The test simulates two
reatlife condtions that cause earthen materials to erode
due to moderate to heavy rainfall: humidification and
kinetic energy. Humidification reduces the internal 60
cohesion between the material particles by increasinggl

moisture content while kinetic energy is responsibte
breaking the already weakened bonds of material
particles. The test was performed on 65 mm x102 mm x
215 mm samples imitating relille conditions of
average to heavy rainfall. The samples were placed
behind a shield board and the external surface was
exposed to a pressure spray through an 80 mm diameter
hole (adapted from the standard from 100 mm diameter
hole) on the shield board (Figl)l The pressure spray
was positioned at 470 mm from the shield and tap water
was sprayed through the nozzle atresgure of 50 kPa
onto the samples for an hour or until failure occurred. In
every 15 min, the depth of pitting was measured using a
calliper and the rate of erosion in mm per hour was
determined by dividing the total depth of erosion by 60.
In addition, amples were inspected by the eye to assess
the degree of moisture penetration. The erodability
index for the water spray test is specified in Table 5.

Table4 6FDOH RI DVVHVVPHQW IRU p'ULS W

Depth of Frencham[118] Erodibility index as
erosion, d (mm) recommendation per NZS 4298[117]
0 Non-erosive 1
"G Slightly erosive 2
"G Erosive 3
" G Very erosive 4
" G - 5 (Fail)
DQG LV IUHTXHQWO\ XVHG LQ

Table 5Erodibility indices from pressure spray erosion test.

Erosion rate, d (mm/hr) Erodibility index
O -
"G 1
G 2
" G 3
"G
G

4
5 (Fail)




11

@

(b)

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

@

(b)

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

4, Results and discussian
4.1. First phase
4.1.1. Density

The effect of v