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ABSTRACT 7 

In this paper, the physical, durability and mechanical properties of soil bricks reinforced with 8 

chicken feather fibres (CFF) and sugarcane bagasse fibres (SBF) were studied. The adopted 9 

optimum lengths of 15-mm of CFF and SBF were randomly distributed in the soil mix at 1%, 10 

3%, 5%, 7%, 9% and 11% by weight. In total, 525 samples of cubic (350) and prismatic (175) 11 

soil samples were prepared for each fibre type and tested in accordance with the guidance in 12 

the British standards for bulk density, water absorption, compressive strength and tensile 13 

strength at 14, 28, 56, 90 and 180 days. With the addition of 7% CFF and 5% SBF, soil brick 14 

samples were found to be 98.8% and 78.7% stronger respectively in compression compared to 15 

the control mix. Based on the experimental results the stress-strain model describing the soil 16 

bricks response to compressive loading for each fibre type was obtained via regression analysis. 17 

This study contributes original data to the characterization of soil bricks and provides reference 18 

values that can be considered for design purposes. The soil bricks thus developed will 19 

contribute to the provision of affordable and sustainable housing construction across the world, 20 

particularly in developing countries.  21 

Keywords: 22 
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1. Introduction 26 

Soil bricks have been used since ancient times. Their first recorded use dates back to 10,000 27 

BC in Mesopotamia where it was used in the construction of houses and other buildings [1]. 28 

Soil bricks have been used widely for wall construction across the world and continues today 29 

in developing countries. Coffman et al. [2] stated that about 30% of the global population still 30 

live in earthen structures. This has been attributed to their simplicity, material availability, easy 31 

repair and maintenance, minimal impact on the environment and lower cost compared to 32 

modern construction materials such as concrete and steel. However, the main weaknesses of 33 

soil bricks are their susceptibility to water damage and low compressive and tensile strength 34 

properties. The purpose of adding waste additives, obtained from plants and animals, to the soil 35 

mix is to improve the mechanical properties of the bricks by creating a network of fibres, which 36 

reduce shrinkage and improves strength as well as stiffness.  37 

Large quantities of natural wastes are generated from production and manufacturing processes, 38 

which raise significant environmental and sustainable concerns. Reuse of these wastes in brick-39 

making has attracted a great deal of interest in recent years [3-7]. The use of waste fibres is 40 

beneficial, especially if the fibres are locally available in abundance, cost-effective, consume 41 

low energy and impose minimal environmental impacts.  42 

Many fibres have been investigated to enhance the properties of soil bricks. The studies in this 43 

area mainly focused on the improvement of compressive and tensile strength [8-15]. These 44 

studies showed that reinforcement of soil bricks with waste fibres often improved some 45 

mechanical properties. In general, the compressive and tensile strength of reinforced soil bricks 46 

in the literature vary between 0.60 – 5.00 and 0.16 – 3.10 MPa respectively [8-10]. Higher 47 

compressive and tensile strength is obtained when fibre reinforced soil bricks are stabilised 48 
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with cement [11-13] and/or lime [14, 12]. In case of waste tea fibres, complete drying via oven 49 

is required [15].   50 

There are only two reported studies on the use of animal fibres in reinforcing soil bricks [7, 51 

16]. This type of fibre, therefore, requires more attention. Chicken feathers, for example, are 52 

an abundant animal fibre globally - see Figure 1a. About 4 million tons of chicken feathers are 53 

produced as agricultural waste annually worldwide [17]. Chicken feathers are inexpensive and 54 

lightweight with excellent compressibility and resilience. Due to these desirable characteristics, 55 

a number of studies have investigated the use of fibres obtained from chicken feathers in 56 

potential industrial applications such as in textile industry [18], bioplastics [19], and 57 

wastewater treatment [20]. Recently, the use of chicken feather fibres (Barb) in reinforcing soil 58 

bricks has been proposed by Salih et al. [21]. 59 

 60 

   61 

 62 

 63 

 64 

        (a)                                                          (b) 65 

        Figure 1: Annotated diagram of (a) chicken feathers and (b) sugarcane bagasse. 66 

Another abundant fibre in many parts of the world is sugarcane bagasse (Figure 1b). The annual 67 

production of sugarcane bagasse globally is over 54 million tons [22]. This large amount of 68 

sugarcane bagasse waste creates several environmental problems such as land contamination, 69 

dust and air pollution [23]. Recently, the inclusion of this waste in clay bricks has been 70 

proposed by Vieira et al. [24] and Teixeira et al. [25]. In addition, Bock-Hyeng et al. [8] 71 
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examined the performance of earth bricks with sugarcane bagasse as an additive. The results 72 

indicated that the addition of this fibre led to an improvement in strength, durability and 73 

stability. However, the results from these studies are limited to low percentage content of 74 

sugarcane bagasse fibre. 75 

An important objective of the present study has been to investigate the properties of soil bricks 76 

reinforced using two types of waste fibre, chicken feather fibre (CFF) and sugarcane bagasse 77 

fibre (SBF). To achieve this, the physical, durability and mechanical properties of the fibre 78 

reinforced soil bricks were studied. The study thus reports the results of an exhaustive 79 

experimental investigation by the authors of natural fibre reinforced soil bricks at 14, 28, 56, 80 

90 and 180 days.  81 

This work contributes to the application of soil bricks in construction. It will contribute to 82 

efforts geared towards meeting the increasing demand for housing, as populations increase in 83 

a sustainable manner. The paper is relevant to researchers in the field of sustainable 84 

construction material development, including civil and construction engineers as well as 85 

contractors, with particular relevance to those working in developing countries. The paper will 86 

also have significant impact on all researchers involved in the development of alternative 87 

construction material globally.  88 

2. Materials and methods 89 

2.1 Raw materials 90 

The constituent materials used in this research include soil, chicken feather fibres (CFF) and 91 

sugarcane bagasse fibres (SBF) (Figure 2). Soil is locally available in abundance which makes 92 

it affordable and easy to obtain. The soil used in this study was supplied by Jewson brick 93 

company Ltd (United Kingdom) and is currently used by brick manufacturers to make unfired 94 

soil bricks. The main characteristics of the soil used are summarised in Table 1. 95 



5 
 

(a)                                                    (b)                                              (c)                                                                             96 

Figure 2: (a) Soil, (b) chicken feather fibres (CFF), (c) sugarcane bagasse fibres (SBF). 97 

Table 1: Properties of selected soil. 98 

Property Composition 

Optimum moisture content 18.6% 

Maximum dry density 1681 kg/m3 

Specific gravity 2.71 

pH Value 7.33 

Electrical conductivity                                                                                              Low 

Colour Grey 

Classification as per AASHTO Soil Classification System [26] A-1 

 99 

The CFF and SBF used in this work were left to dry naturally at room temperature until constant 100 

weight was achieved. The fibres were trimmed off with a scissor to four different fibre lengths; 101 

5, 10, 15 and 20 mm and randomly included in the specimens. CFF and SBF were of an average 102 

diameter of 15 and 40 μm respectively. Some of the properties of these fibres were summarized 103 

in Table 2. 104 

 105 

 106 
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Table 2: Physical properties of fibres. 107 

Fibre  Optimum 

length (mm) 

Diameter 

(μm) 

Aspect 

ratio 

Density 

(gm/cm3) 

Water absorption 

% (after 24 h)  

CFF 15 15 0.001 0.07 0.68 

SBF 15 40 0.004 0.13 0.79 

 108 

2.1.1 Soil particle size distribution 109 

The soil was dried, and the particle size distribution determined by sieve analysis according to 110 

the guidance provided in ASTM D422-07 [26]. The soil consists of the following percentages 111 

by weight: 0% gravel (grain diameter dg > 2.0 mm); 71.3% of sand (0.063mm < dg < 2.0 mm) 112 

and 28.7% of silt and clay (dg < 0.063mm). The Atterberg limits test was not performed as the 113 

clay fraction in the soil was too low. The particle size distribution is plotted in Figure 3.  114 

 115 

 116 

 117 

 118 

 119 

 120 

Figure 3: Particle size distribution of the soil. 121 

2.1.2 Tensile strength of CFF and SBF  122 

Tensile testing was carried out on CFF and SBF, the fibre ends were dipped in Araldite epoxy 123 

glue to gain sufficient strength and assembled as shown in Figure 4. This technique was used 124 
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to avoid damage of fibre ends in the region of the grips of the test machine. The tests are carried 125 

out after 72 hours, to ensure effective adhesion between glue/fibre. Hounsfield universal tester 126 

(Model H10KS) at displacement of 5 mm/mm was used to determine the fibre tensile strength 127 

according to the guidance in ASTM D4761-13 [27]. 128 

 129 

 130 

 131 

 132 

 133 

(a)                                                                                         (b) 134 

Figure 4: (a) SBF sample prepared for tensile test (b) CFF fixed in the tensile test equipment. 135 

2.1.3 XRD of raw materials  136 

The raw materials that were used were also analysed through the use of powder X-ray 137 

diffraction (XRD) for mineralogical characterization. The XRD apparatus used was a 138 

PANalytical X’Pert X-ray powder diffractometer equipped with monochromatic Cu–K alpha 139 

radiation source. Powder specimens were analysed at room temperature and the test was carried 140 

out at 40 kV and 30 mA. A continuous mode was used for collecting data at room temperature 141 

in the 2θ range from 20° to 80° at a scanning speed of 8.5°/min. The acquired data were 142 

identified using high score plus software to determine composition at each peak. 143 

2.1.4 SEM of raw materials 144 

For scanning electron microscopy (SEM) observations, a ZEISS GeminiSEM 300 Scanning 145 

Electron Microscope (SEM), fitted with a Solid-state Backscattered Detector (SBD), and linked 146 

with an Energy Dispersive X-ray (EDX) was used. This combination is capable of analysing 147 

electrons in the range of 10–100 atomic weights. 148 
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2.2 Soil specimens 149 

2.2.1 Preparation of specimens  150 

Three types of brick samples were prepared; soil samples with CFF, soil samples with SBF, 151 

and control brick samples (without fibres). The nominal dimensions of specimens produced in 152 

steel moulds were 50 mm × 50 mm × 50 mm for compression tests and 40 mm × 40 mm × 160 153 

mm for three-point bending tests. The pouring and placement of the mix were carried out 154 

according to the guidance in British Standard EN 1052-2:2016 [28]. 155 

To ensure a uniform distribution of fibres within the soil mix and to avoid aggregation of the 156 

fibres throughout the mix, all the raw materials were batched, and dry mixing was carried out 157 

to distribute the fibres randomly within the soil matrix. The dry mix was then watered gradually 158 

in a uniform manner while mixing continued. The ingredients were then properly mixed for 5 159 

minutes in an electric mixer until a homogenous mix was obtained. Moulds were lubricated on 160 

the inside to prevent sticking and fracturing of the newly formed samples. 161 

Each mould was filled in three equal layers and each layer was compacted to its full depth. The 162 

compaction strokes were distributed in a uniform manner over the surface to ensure equal 163 

density (and thus stiffness) in the centre and corners of the mould. The excess soil was trimmed 164 

with a straightedge tool to make it level with the top of the mould (Figure 5).  165 

  166 

Figure 5: Brick samples at the time of casting. 167 
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The specimens were then manually taken out of the mould carefully, and moist-cured at room 168 

temperature until a constant weight was achieved. Extrusion defects were not observed after 169 

drying. The fibre reinforced specimens were produced with chicken feather fibres (CFF) or 170 

sugarcane bagasse fibres (SBF) at 1%, 3%, 5%, 7%, 9% and 11% by weight as shown in Table 171 

3. A total of five specimens for each mix were tested.  172 

                 Table 3: Mix compositions of brick specimens.  173 

CFF/SBF fibre weight fraction (Wf) %  Soil (wt. %) Water content % 

0 100 18.6 

1 99 18.6 

3 97 18.6 

5 95 18.6 

7 93 18.6 

9 91 18.6 

11 89 18.6 

     174 

2.2.2 The test procedures 175 

The prepared specimens were tested for bulk density, water absorption, compressive strength 176 

and tensile strength at the end of the curing periods of 14, 28, 56, 90 and 180 days. According 177 

to the guidance in British Standard EN 1052-2:2016 [28], the properties of unreinforced soil 178 

bricks should be determined at 14 days or until constant weight is achieved. However, this 179 

study investigates beyond 14 days in order to evaluate any degradation effect of natural fibre 180 

(CFF/SBF) with time. This is useful in establishing the behaviour of natural fibre reinforced 181 

soil bricks and assessing the safety of natural reinforced earth structure. 182 

The density of the samples at the end of the curing period was determined and recorded 183 

according to guidelines in British Standard EN 772-13:2000 [29]. The density was calculated 184 

by dividing the dry mass by the average external volume. The density of construction materials 185 
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is affected by the material constituents and method of production. It is associated with other 186 

brick properties such as compressive strength and water absorption.  187 

The water absorption test was carried out to obtain the quantity of water absorbed by the 188 

samples and to establish the durability of soil bricks in a wet environment. Lower water 189 

absorption means lower water infiltration, hence higher durability when exposed to water [30]. 190 

The water absorption is determined from the moist weight of samples when submersion in a 191 

water bath for 24 hours after measuring their dry weight as per the British Standard EN 771-192 

1:2003 [31]. A total of 175 cubic specimens were tested for water absorption for each fibre 193 

type; (5 specimens for each of the 7 mix designs per fibre at 14, 28, 56, 90 and 180 days).  194 

The compression test was conducted in accordance to the guidelines in British Standard EN 195 

1052-2:2016 [28] to determine the compressive strength of the specimens. A total of 175 196 

specimens were tested for compressive strength for each fibre type; (5 cubic specimens for 197 

each of the 7 mix designs per fibre at 14, 28, 56, 90 and 180 days). A universal testing machine 198 

with a maximum load capacity of 2000 KN was used for the test (Figure 6). The rate of 199 

compression was set at 1.0 mm/min until the sample failed. The failure load was recorded, and 200 

peak compressive strength was calculated by dividing the failure load by the loading area.  201 

 202 

 203 

 204 

 205 

 206 

 207 

Figure 6: The experimental set-up for the compression test. 208 
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The three-point bending test was conducted following British Standard EN 1015-11:1999 [32] 209 

to establish the flexural characteristics of the specimens. A total of 175 prismatic specimens 210 

were tested for bending tensile strength for each fibre type; (5 specimens for each of the 7 mix 211 

designs per fibre at 14, 28, 56, 90 and 180 days). The specimens were centred between the two 212 

supports of the hydraulic press of a Hounsfield universal tester (Model H10KS) with a load 213 

capacity of 1000 KN (Figure 7). The loading was then applied gradually at a steady rate of 2.0 214 

mm/min until failure.  215 

All property values presented in this study are averaged from five specimens. Individual 216 

variations higher than ±5% of the average values were not considered.  217 

 218 

 219 

 220 

 221 

 222 

 223 

Figure 7: The experimental set-up for the three-point bending test. 224 

 225 

3. Results and discussion 226 

3.1 Raw materials characterisation  227 

3.1.1 Tensile strength of CFF and SBF 228 

Mean tensile strength values from five specimens, as well as their Standard Deviation (SD) and 229 

Coefficient of Variation (CV) are presented in Table 4. The observed tensile behaviour of the 230 

individual fibres was found to be linear-elastic until failure (sudden - brittle failure).  231 
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Table 4: Mechanical properties of fibres. 232 

 Fibre Strain at failure  

(mm/mm) 

Young’s 

modulus 

(MPa) 

Tensile 

strength 

(MPa) 

Elongation 

point at 

break % 

Mean   

CFF 

0.082  262.25  16.89  8.20  

SD 0.009 38.42 2.11 0.86 

CV% 10.98 14.65 12.49 10.49 

Mean  

SBF 

0.075  212.41  15.47  7.47  

SD 0.008 34.73 1.83 0.84 

CV% 10.67 16.35 11.83 11.24 

 233 

3.1.2 XRD analysis 234 

X-ray diffraction (XRD) was used to examine the mineralogical composition of the soil. The 235 

powder X-ray diffraction pattern of the soil sample is shown in Figure 8. The X-ray diffraction 236 

revealed that the sample was composed mainly of quartz which is rich in silica (SiO2), kaolinite 237 

(2SiO2Al2O3- 2H2O), illite (K Al2 (Al Si3)O10(OH)2), goethite (Fe2O3H2O) and a small amount 238 

of calcite (CaCO3). The XRD pattern shown for soil suggests the presence of quartz mineral 239 

(SiO2) as the main soil minerals (54.1%), also proven by chemical composition represented in 240 

Table 5. Presence of quartz contributes to improved quality of soil bricks.  241 

Table 5: Chemical composition of the soil sample. 242 

Oxides SiO2 Al2O3 Fe2O3 MgO CaO MnO Na2O K2O TiO2 LOI 

Wt. % 54.1 15.5 5.8 1.2 6.4 0.04 0.03 1.4 0.3 15.2 
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 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

Figure 8: X-ray diffraction pattern of soil 251 

The next most abundant component is kaolinite (2SiO2Al2O3- 2H2O). At constant pH, strength 252 

increases with kaolinite content [33]. Another important component observed is goethite 253 

(Fe2O3H2O), which may often be the cause of efflorescence in soil bricks. As a result, it is 254 

considered best practice to keep the ferric oxide content at less than 10% by weight [34]. 255 

X-ray diffraction (XRD) for CFF and SBF were also carried out and results presented in Figures 256 

9 and 10 respectively. It is well known that feather keratin is semi-crystalline and naturally 257 

macromolecular, its XRD profiles have confirmed this hypothesis. This semi-crystallinity also 258 

plays an important role in higher strength and stiffness of feathers.  259 

 260 
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 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

Figure 9: X-ray diffraction pattern of chicken feather fibres (CFF). 269 

The XRD analysis carried out on powder SBF presents some peaks of calcite (CaCO3), 270 

presence of quartz (SiO2) and traces of microcline (KAlSi3O8). The calcite phase is explained 271 

by the carbonation effect, which is caused by the reaction between Ca(OH)2 and CO2 present 272 

in the atmosphere. The amount of calcite in the soil brick specimens increased with increase in 273 

the percentage of SBF.    274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

Figure 10: X-ray diffraction pattern of sugarcane bagasse fibres (SBF). 283 
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3.1.3 SEM examination and EDX analyses 284 

Scanning electron microscopy (SEM) was used to provide detailed imaging information on the 285 

morphology, composition and surface texture of the chicken feather fibres (CFF), sugarcane 286 

bagasse fibres (SBF), and tested reinforced soil brick samples. Elemental analysis was carried 287 

out using the Energy Dispersive X-ray (EDX) system. The analysis revealed the relative 288 

percentage weight proportion of the compounds present. In the EDX spectra hydrated matrix, 289 

the peak height is proportional to the amount of element present. Micro-level understanding of 290 

fibre-matrix interactions can help with the formulation of appropriate macro-level systems for 291 

enhanced performance. To understand the interaction between soil matrix and fibre as a binder, 292 

SEM-EDX analysis was conducted on samples reinforced with CFF or SBF.  293 

SEM images of single fibre were obtained with ZEISS GeminiSEM 300 scanning microscope 294 

at 700 X magnification for each fibre type to study the texture and the cross-section of the 295 

fibres as shown in Figures 11a and 12a. It can be seen that the SBF were rougher in texture 296 

compared to CFF. 297 

 298 

 299 

 300 

 301 

 302 

 303 

(a) (b) 304 

Figure 11: Backscattered SEM images of raw materials (a) CFF, and (b) CFF within soil bricks. 305 

Fibre pull-out  c 

CFF embodied in the mix 



16 
 

 306 

 307 

 308 

 309 

 310 

 311 

                            (a)                                                                                        (b) 312 

Figure 12: Backscattered SEM images of raw materials (a) SBF, and (b) SBF within soil bricks. 313 

It is evident that CFF have a hollow structure, with little protrusions along its length, while 314 

SBF show varied, irregular pores in texture which means that CFF have a more porous 315 

structure, which is responsible for the low-density value of the CFF. The feathers have long 316 

shafts and barbs and a smooth surface, which is evident in the magnified image of the fibre.  317 

Fibres pull-out and the fracture was observed as shown in Figures 11b and 12b. This 318 

observation was an indication that the fibres used had a high pull-out resistance. During the 319 

transfer of stresses from the matrix to fibres, the de-bonding that takes place at the fibres matrix 320 

interface when fibres are pulled-out from matrices and generates frictional energy losses, which 321 

in turn contribute to composite toughness.  322 

Figure 13a shows an SEM image of the fibre distribution inside the soil bricks. The figure 323 

represents the typical SEM images taken at the top surface of the sample, uniform distribution 324 

of fibres in the brick samples can be seen. The fibres were separated from each other during 325 

the extrusion process and they are well-dispersed in the soil matrix. It can also be noticed that 326 

the fibre particle directions are in different directions within the sample. The images show a 327 

SBF embodied in the mix 
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good fibre distribution in the soil matrix and reveal that fibres have good adhesion to the soil 328 

matrix. There are some regions of intermediate modification where the fibres have become 329 

damaged. A network is formed by fibres inside the composite as reinforcement during loading 330 

condition as shown in Figure 13b. The bridging mechanism of fibres in the composite is 331 

responsible for increase in strength with the increase in fibre content. The bridging effect can 332 

prevent crack propagation and enable effective stress transfer between the matrix and the fibres, 333 

leading to the enhanced compressive and tensile strengths. 334 

 335 

 336 

 337 

 338 

 339 

  340 

 341 

(a)                                                                                          (b) 342 

Figure 13: (a) SEM image of fibre distribution, and (b) fibre bridging in a failed sample. 343 

The details of compound contents in CFF and SBF, as determined by EDX spectra from the 344 

SEM are presented in Table 6. The most prominent elements observed are carbon (C) and 345 

silicon (Si), indicating their suitability for use in soil brick mix. Traces of other minor phases 346 

such as calcium (Ca), aluminium (AL), oxygen (O) and sulphur (S) were also detected. In 347 

general, the SEM scans and EDX analysis appear to corroborate the findings of the XRD 348 

analysis. The high amount of silicon (Si) in SBF indicate that this fibre comes from a silicate-349 

type as confirmed by XRD tests. 350 

Fibre bridging 
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Table 6: The quantification of compound contents in CFF and SBF. 351 

Symbol  cps/eV (CFF)* cps/eV (SBF)* 

Si 5 280 

Ca 10 15 

S 20 5 

O 30 40 

C 320 220 

Al 20 30 

                   * cps/eV: counts per second per electron-vol. 352 

3.2 Soil specimens  353 

3.2.1 Physical properties 354 

3.2.1.1 Bulk density 355 

The density of soil bricks has a significant impact on its mechanical properties. Figures 14 and 356 

15 present the bulk density for CFF reinforced soil bricks and SBF reinforced soil bricks at 14, 357 

28, 56, 90 and 180 days respectively. Control sample has the highest density of 1.68 g/cm3. 358 

With 11% CFF or SBF at 14 days, density decreases to 1.33 and 1.39 g/cm3 respectively. This 359 

expected and due to the low fibre density on one hand and an increase in porous structure 360 

caused by fibre addition on the other hand. 361 

Generally, bulk density decreases with increase in the age of the soil bricks. The samples 362 

reinforced with CFF and SBF showed a density of 1.28 and 1.30 gm/cm3 at the end of the 180-363 

day curing period. Generally, bulk density of samples with SBF is higher than samples with 364 

CFF. This due to CFF containing less solid material than SBF as presented in Table 2. 365 

At 56 days, reduction in bulk density of 8.7% (1.37 gm/cm3) and 5.3% (1.42 gm/cm3) were 366 

recorded for 7% CFF and 5% SBF respectively, compared to the control sample at 56 days. 367 

This is higher than the reduction of 1.64% (1.79 gm/cm3) for wool reinforced soil bricks 368 



19 
 

reported in previous study [16]. The low-density bricks provide the lower dead weight of the 369 

structure as well as easing bricks handling.  370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

Figure 14: Change in density of CFF reinforced soil bricks with time. 378 

 379 

 380 

 381 

 382 

 383 

 384 

 385 

Figure 15: Change in density of SBF reinforced soil bricks with time. 386 

3.2.2 Durability properties 387 

3.2.2.1 Water absorption 388 

Water absorption is an indicator of the resistance of soil bricks to immersion. Figures 16 and 389 

17 illustrate the variation of water abortion of CFF-soil bricks and SBF-soil bricks at 14, 28, 390 

56, 90 and 180 days respectively. The amount of absorbed water increases with increasing fibre 391 
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content. At 11% fibre addition at 14 days, there is a 45.8% (17.5%) and 36.7% (16.4) increase 392 

in the water absorption of samples reinforced with CFF and SBF respectively, compared to the 393 

control sample, which has lowest water absorption values of 12%. This is attributed to the water 394 

absorption capacity of the fibres as well as the increased porous nature and the void spaces 395 

within the reinforced samples due to the inclusion of natural fibre [35].   396 

Water abortion decreases with increase in the age of the soil bricks up to 56-day then remains 397 

almost constant. It was observed that the percentage of water absorption for different mix types 398 

varied from 12.0% to 17.5% for samples with CFF, 12.0% to 16.4% for samples with SBF and 399 

11.0% to 12.0% for control samples. As expected, lower densities due to light fibres lead to 400 

higher water absorption. This result is in agreement with that of Zak et al. [36] for the sisal 401 

stabilised soil blocks.  402 

Based on the test results, the maximum water absorption values for all the reinforced mixtures 403 

(17.5%) is within the acceptable limit for soil bricks of ≤18.0% as per ASTM C20-00 [37]. The 404 

recorded water absorption in this study is adequate for residential earth building. However, 405 

high rate of water absorption may cause swelling which leads to loss of strength with time in 406 

unprotected environment such as rainfall [38]. 407 

 408 

 409 

 410 

 411 

 412 

 413 

Figure 16: Change in water absorption CFF reinforced soil bricks with time. 414 
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 415 

 416 

 417 

 418 

 419 

 420 

 421 

Figure 17: Change in water absorption of SBF reinforced soil bricks with time. 422 

3.2.3 Mechanical properties  423 

3.2.3.1 Effect of fibre length on mechanical properties  424 

Different fibre lengths of CFF and SBF in the soil mix were used to establish the optimum 425 

length for maximum strength.  426 

Figures 18 and 19 show the compression test results with four different fibre lengths; 5, 10, 15 427 

and 20 mm of fibre reinforced soil bricks at 14 days. The behaviour of CFF and SBF is similar, 428 

with strength improvement recorded in both cases. Increase in length of the fibres results in an 429 

enhancement in soil compressive and tensile strength properties. This is due to the increase in 430 

the contact area with the soil, which results in an improvement in the strength and stiffness of 431 

the composite. This behaviour is observed up to a certain limit of fibre length and beyond which 432 

strength reduces partly due to the reduction of soil–soil bonds with increased fibre volume. In 433 

addition, individual fibres are overlapped and twisted around each other and the formation of 434 

soil–fibre is also reduced with consequent overall reduction in the strength of the composite.  435 

The 15-mm-long fibres have the maximum compressive strength, suggesting that their 436 

embedded length is sufficient to develop full strength capacity. Therefore, the length of fibres 437 

plays a significant role in the compressive strength improvement of soil bricks.  438 
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 443 

 444 

 445 

Figure 18: Compressive strength variation with CFF length at 14 days. 446 
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 453 

Figure 19: Compressive strength variation with SBF length at 14 days. 454 

The fibre length determines the pull-out resistance of the embedded fibres in the soil matrix 455 

and therefore directly determines the reinforcement force, which is less than or equal to the 456 

fibre tensile strength. The amount of fibres determines the intensity of the reinforcement: for 457 

small amounts (up to 7% CFF or 5% SBF by weight), the strength of the reinforcement 458 

increases with the number of fibres. However, at a higher fibre weight fraction over a certain 459 

threshold, the fibres are so numerous that they weaken the soil matrix as fibre-fibre bond 460 

significantly increased and thus lead to lower resistance of the reinforced soil composites.  461 
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Figures 20 and 21 show the influence of fibre length on tensile strength of fibre reinforced soil 462 

bricks at 14 days. Tensile strength increases with increase in fibre length up to a certain limit. 463 

The length of the fibre plays a major role in enhancing the tensile strength because its increase 464 

will directly increase the bond length. This is due to the fact that area in contact with soil is 465 

comparatively large and therefore there is a subsequent improvement in strength and stiffness 466 

of bricks. The lengths of the fibres used in this study were a result of the optimum lengths of 467 

15-mm of CFF and SBF. 468 

 469 

 470 

 471 

 472 

 473 

 474 

                  Figure 20: Tensile strength variation with CFF length at 14 days. 475 

 476 
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 481 

Figure 21: Tensile strength variation with SBF length at 14 days. 482 
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3.2.3.2 Compressive strength 484 

Figures 22 and 23 show the variation of compressive strength of CFF reinforced soil bricks and 485 

SBF reinforced soil bricks at 14, 28, 56, 90 and 180 days respectively. Results showed that 486 

adding CFF and SBF increases compressive strength by 98.8% (3.26 MPa) and 78.7% (2.93 487 

MPa) respectively compared to unreinforced sample (control sample) at 14 days. This means 488 

that with increased compressive strength, wall width can be reduced for practical purposes, 489 

thereby, resulting in increased internal room size. This would address the issue of narrow room 490 

sizes which earlier existed in old houses.  491 

Improvement in compressive strength of 1.7%, 2.8%, 10.7%, 31.0% and 14.8% were recorded 492 

for 1%, 3%, 5% 7% and 9% CFF addition at 56 days. For SBF reinforced soil bricks, increase 493 

of 1.7%, 3.8%, 25.8%, 16.2% and 9.7% were recorded at 56 days for 1%, 3%, 5% 7% and 9% 494 

SBF addition. At 180 days, increase in compressive strength of 6.7% (4.14 MPa) and 0.5% 495 

(3.90 MPa) were documented for 7% CFF and 5% SBF inclusion respectively, compare to 496 

control mix (3.88 MPa).  497 

The optimal reinforcement ratio in this study is 7% for CFF and 5% for SBF. Generally, the 498 

compression strength values obtained in this study range between 1.64 - 3.88 MPa for control 499 

samples, 1.70 - 4.29 MPa for CFF-soil bricks and 1.82 - 3.98 MPa for SBF-soil bricks. This is 500 

similar to the values of polystyrene soil bricks (1.90 - 4.20 MPa) [13] and better than the values 501 

of 0.80 - 1.10 MPa for coconut soil bricks and 0.95 - 1.15 MPa for oil palm soil bricks [39].  502 

At 90 days, reduction in compressive strength of 11.9% (3.12 MPa) and 14.1% (3.04 MPa) 503 

were reported for 9% inclusion of either CFF and SBF when compared to the control mix (3.54 504 

MPa). At 11% fibre addition, greater reduction in compressive strength 42.4% (2.04 MPa) and 505 

20.3% (2.82 MPa) for CFF and SBF respectively compared to control mix (3.54 MPa) were 506 

recorded. In addition, at 180 days, deterioration in compressive strength of 3.6%, 5.4%, 4.1%, 507 
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3.5%, 6.7% and 1.0% were recorded for 1%, 3%, 5% 7%, 9% and 11% CFF addition, compare 508 

to their values at 90 days. For SBF reinforced soil bricks, reduction of 10.4%, 7.8%, 2.0%, 509 

1.9%, 3.9% and 1.4% were recorded at 180 days for 1%, 3%, 5% 7%, 9% and 11% SBF 510 

addition, compare to their values at 90 days.  511 

Beyond 90 days, loss in compressive strength is due to degradation of CFF/SBF surface in 512 

contact with the soil matrix. An examination of the failed fibre reinforced samples shows that 513 

CFF/SBF began to separate into fibrils due to reduction in bond strength between CFF/SBF 514 

and the surrounding soil matrix. Also, natural fibres are sensitive to humidity and show an 515 

enormous capacity for water absorption during curing which leads to strength reduction over 516 

time. This phenomenon of natural fibre degradation over the long term can be minimised 517 

through fibre surface alkali treatment (e.g. with Sodium Hydroxide solution) which is outside 518 

the scope of the present work and is recommended for future work on natural fibre reinforced 519 

soil bricks. It is envisaged that fibre treatments will improve the fibre/matrix adhesion by 520 

increasing the surface roughness of natural fibres [38].  521 

 522 

 523 

 524 
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 526 

 527 

 528 

Figure 22: Compressive strength of CFF reinforced soil bricks at 14, 28, 56, 90 and 180 days. 529 
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 530 

 531 

 532 

 533 

 534 

 535 

 536 

Figure 23: Compressive strength of SBF reinforced soil bricks at 14, 28, 56, 90 and 180 days. 537 

The recommended minimum compressive strength of soil bricks in international standards 538 

varies between 1.0 MPa in Turkish Standard [40] and 2.1 MPa in American local building codes 539 

[41]. Typical compressive strength of manually pressed soil bricks in literature is less than 5.0 540 

MPa as documented in [8-10]. Compressive strength of CFF reinforced soil bricks and SBF 541 

reinforced soil bricks reported in this study satisfies all these requirements. 542 

Strength of soil–fibre composite (reinforced samples) mainly depends on the formation of three 543 

bonds; fibre– soil, soil–soil, and fibre–fibre bonds. The strength of these bonds depends on the 544 

dimension, surface conditions, and quantity of fibres added to the soil. The fibre–soil bond is 545 

a new bond introduced in reinforced samples due to fibre addition and it is responsible for 546 

stress transmission within soil composite. This effect is known as fibres bridging mechanism 547 

in composite, as shown in Figure 13b. The fibre bridging mechanism binds soil grains together 548 

more firmly unlike in the case of unreinforced soil samples. This is responsible for increases in 549 

compressive and tensile strength with the increase in fibre content [42]. The soil–soil bond is 550 

the only bond existing in unreinforced samples and it is responsible for its strength. Finally, 551 

fibre–fibre bond is the weakest bond among the three bonds and do not contribute to the 552 

composite strength. Large quantities of fibres in composite mix, therefore, lead to increase in 553 
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the formation of fibre–fibre bonds with corresponding decrease in soil-soil bonds. This will 554 

result in strength reduction. As a result, as fibre content increased above the optimum content 555 

(7% for CFF or 5 % for SBF of 15 mm length fibres), increased fibre–fibre bonds was observed 556 

leading to a reduced compressive and tensile strength [30].  557 

3.2.3.3 Bending tensile strength  558 

A three-point bending test for prismatic specimens was carried out to calculate the bending 559 

tensile strength of the unreinforced and fibre reinforced soil bricks. Figures 24 and 25 560 

summarizes the test results for CFF reinforced soil bricks and SBF reinforced soil bricks at 14, 561 

28, 56, 90 and 180 days. The bending tensile strength of soil bricks is improved by the addition 562 

of CFF or SBF. The increase in bending tensile strength is mainly due to the high tensile 563 

strength of these fibres. The force transmission between the soil particles is interrupted by the 564 

existence of fibres in the composite thus resisting more tensile stresses.  565 

At 7% CFF addition, improvement in tensile strength of 97.4%, 66.4%, 49.1%, 50.9 and 39.4% 566 

were recorded at 14, 28, 56, 90, 180 days. At 5% SBF addition, increase in tensile strength of 567 

65.0%, 40.6%, 30.4%, 30.2% and 19.4% were recorded at 14, 28, 56, 90, 180 days. The mix 568 

containing 7% CFF, or 5% SBF represents an optimum point (peak values) for this study, as 569 

higher fibre inclusion resulted in a decrease of bending tensile strength. The reduction of the 570 

bending tensile strength can be attributed to the low fibre and soil bond as more fibre–fibre 571 

bonds was created with increase in fibre content. 572 

The results of bending tensile strength of each mix type in this study exceeded the 0.395 MPa 573 

recorded for corn soil bricks [43] and similar to 2.30 MPa for hemp soil bricks [44]. 574 
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 579 

 580 

Figure 24: Bending tensile strength of CFF-soil bricks at 14, 28, 56, 90 and 180 days. 581 
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 588 

Figure 25: Bending tensile strength of SBF-soil bricks at 14, 28, 56, 90 and 180 days. 589 

Figure 26 shows the typical failure pattern of the unreinforced and fibre reinforced soil bricks. 590 

The failure of unreinforced samples was sudden (without warning) and occurs immediately 591 

once the maximum load was reached in contrast to the more gradual failure ductile experienced 592 

with the natural fibre reinforced samples. This improvement in ductility of fibre reinforced 593 

specimens is due to fibre bridging mechanism observed in Figure 13b, which hold cracked 594 

parts together to delay failure after the maximum load is reached. 595 

0% 1% 3% 5% 7% 9% 11%

14 days 1.17 1.33 1.79 1.93 1.78 1.65 1.50

28 days 1.43 1.48 1.93 2.01 1.85 1.74 1.66

56 days 1.61 1.68 1.65 2.10 1.99 1.86 1.72

90 days 1.69 1.73 1.82 2.20 1.92 1.84 1.78

180 days 1.80 1.55 1.75 2.15 1.89 1.68 1.62

0.0

0.5

1.0

1.5

2.0

T
en

si
le

 s
tr

en
g
th

 (
M

P
a)

Fibre weight fraction (%) 

0% 1% 3% 5% 7% 9% 11%

14 days 1.17 1.30 1.86 2.10 2.31 1.98 1.80

28 days 1.43 1.58 1.92 2.29 2.38 2.15 1.94

56 days 1.61 1.78 2.05 2.33 2.40 2.28 2.12

90 days 1.69 1.85 2.09 2.32 2.55 2.46 2.24

180 days 1.80 1.65 1.98 2.30 2.51 2.40 2.18

0.0

0.5

1.0

1.5

2.0

2.5

T
en

si
le

 s
tr

en
g
th

 (
M

P
a)

Fibre weight fraction (%) 



29 
 

Furthermore, the fibre reinforced samples stay as one piece without falling apart unlike the 596 

unreinforced (control) samples.  It does follow that the addition of CFF or SBF affect the brittle 597 

behaviour of soil bricks. This is similar to failure pattern of waste-plastic fibre soil bricks [45] 598 

and sisal fibres soil bricks [46].  599 

 600 

 601 

 602 

 603 

 604 

 605 

 606 

Figure 26: Typical failure modes of the unreinforced and fibre reinforced soil bricks. 607 

4. Constitutive models for natural fibre reinforced soil bricks 608 

4.1 Constitutive relationship 609 

Based on the results of experimental work, the relationship between the key properties 610 

investigated by this study was developed for both CFF and SBF soil bricks. These are bulk 611 

density BD, compressive strength fc, tensile strength ft and fibre weight fraction Wf. Figure 27a 612 

shows the correlation between bulk density and CFF fibre weight fraction at 14 days as follows: 613 

BDCFF = -0.032Wf + 1.638                                                                                             (1a)           614 

From which 615 

Wf = -31.25 BDCFF + 51.188                                                                                            (1b)                      616 
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Also, a cubic polynomial relation is observed between compressive strength, tensile strength 617 

and fibre weight fraction at 14 days as shown in Figure 28a; 618 

fc, CFF/ft= -0.004Wf
3 + 0.061Wf

2 – 0.236Wf + 1.430                                                         (1c)                  619 

Substituting Wf with equation (1b) into equation (1c) and rearranging the equation;  620 

fc, CFF = 65.892 ft BD3 – 297.11 ft BD2 + 445.21 ft BD – 220.41 ft                                   (1d)                           621 

Using this relationship, the compressive strength of CFF reinforced soil brick at 14 days can 622 

be predicted for a particular bulk density and tensile strength. Similar correlation for SBF 623 

reinforced soil brick at 14 days can also be obtained; 624 

BDSBF = -0.025Wf + 1.703                                                                                                             (1e)                                  625 

Such that,  626 

fc, SBF = 43.217 ft BD3 - 202.48 ft BD2 + 314.04 ft BD - 159.66 ft                                  (1f)        627 

At 28 days, 628 

BDCFF = -0.026Wf+ 1.574                                                                                                (2a)              629 

BDSBF = -0.025Wf+ 1.641                                                                                                (2b) 630 

Such that,  631 

fc, CFF = 118.67 ft BD3 - 515.86 ft BD2 + 746.42 ft BD - 358.15 ft                                     (2c) 632 

 fc, SBF= 146.03 ft BD3 - 661.34 ft BD2 + 994.63 ft BD- 495.09 ft                                      (2d) 633 

At 56 days, 634 

BDCFF = -0.021Wf+ 1.531                                                                                                (3a) 635 

BDSBF = -0.022Wf + 1.585                                                                                               (3b) 636 

Such that,  637 
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fc, CFF = 256.34 ft BD3 - 1100.70 ft BD2 + 1574.4 ft BD - 748.58 ft                                   (3c)  638 

fc, SBF = -10.466 ft BD3 + 46.287 ft  BD2 - 67.739 ft BD + 34.547 ft                                   (3d) 639 

At 90 days,  640 

BDCFF = -0.021Wf + 1.519                                                                                               (4a)  641 

BDSBF = -0.024Wf + 1.577                                                                                               (4b) 642 

Such that,  643 

fc, CFF = 559.27 ft BD3 - 2355.2 ft BD2 + 3304.1 ft BD - 1542.5 ft                                    (4c)  644 

fc, SBF = -2.0029 ft BD2 + 7.08 ft BD - 4.2166 ft                                                                                                    (4d) 645 

At 180 days, 646 

BDCFF = -0.022Wf + 1.517                                                                                               (5a)  647 

BDSBF = -0.024Wf + 1.568                                                                                               (5b) 648 

Such that,  649 

fc, CFF = 1010.7 ft BD3 - 4207.4 ft BD2 + 5831.5 ft BD - 2689.7 ft                                     (5c)  650 

fc, SBF = -0.8468 ft BD2 + 3.270 ft BD - 1.103 ft                                                                (5d) 651 

The proposed relationships between bulk density, compressive and tensile strength takes into 652 

account the fibre type and fibre weight fraction along with fibre degradation with time. These 653 

relationships based on experimental work carried out on 525 samples for each fibre. Such 654 

empirical models are important tools for predicting any one of properties of CFF/SBF 655 

reinforced soil bricks. These models, therefore, reduces the volume of laboratory experiment 656 

required.  657 
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 664 

Figure 27: Bulk density vs CFF/SBF fibre weight fraction at 14, 28, 56, 90, 180 days. 665 
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 677 

Figure 28: Ratio of compressive strength and tensile strength vs CFF/SBF weight fraction. 678 
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Also, the relationships between the compressive and tensile strength of CFF-soil bricks at 14, 679 

28, 56, 90 and 180 days were derived via nonlinear curve fitting as shown in Figure 29; 680 

fc,14, CFF = 1.759ft
2 - 4.652ft + 4.700                                                                                     (6a) 681 

fc,28, CFF = 2.318ft
2 - 7.586ft+ 8.305                                                                                      (6b)  682 

fc,56, CFF = 4.809ft2 - 18.530ft + 20.430                                                                                (6c)   683 

fc,90, CFF = 6.319ft
2 - 26.725ft + 30.972                                                                                 (6d)  684 

fc,180, CFF = 6.688ft
2 - 27.998ft + 31.919                                                                                   (6e) 685 

In order to find a general empirical equation for compressive and tensile strength of CFF 686 

reinforced soil bricks, the average of above five equations (equations 6a - 6e) is calculated;  687 

fc, CFF, avg = 4.379ft
2 -17.098ft + 19.265                                                                                  (7)              688 

Where fc, CFF, avg is average compressive strength of CFF reinforced soil bricks which is a 689 

function of CFF weight fraction in soil bricks. The proposed constitutive equation explains well 690 

the experimental behavior of CFF reinforced soil bricks as a satisfactory overall coefficient of 691 

determination R2 = 0.917 was achieved. Similarly, a simple correlation for compressive and 692 

tensile strength of SBF reinforced soil brick can be established; 693 

fc,14, SBF = -1.956ft
2 + 7.592ft - 4.619                                                                                    (8a)  694 

fc,28, SBF = -4.396ft
2 + 16.632ft - 12.673                                                                                (8b)  695 

fc,56, SBF = 2.479ft
2 - 7.721ft + 8.930                                                                                     (8c)  696 

fc,90, SBF = 10.010ft
2 - 38.063ft + 39.281                                                                               (8d)  697 

fc,180, SBF = 1.096ft
2 - 2.575ft + 4.357                                                                                    (8e) 698 

And the average compressive strength of SBF reinforced soil bricks fc, SBF, avg is obtained with 699 

coefficient of determination R2 = 0.899; 700 

fc, SBF, avg = 1.447ft
2 - 4.827ft + 7.055                                                                                    (9) 701 
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 702 

 703 

 704 
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 706 

 707 

 708 

Figure 29: Compressive strength vs tensile strength at 14, 28, 56, 90 and 180 days. 709 
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The relationship between compressive strength and tensile strength are recommended by 710 

building codes as useful and economical, particularly for preliminary investigations. The 711 

proposed compressive-tensile strength relationship in equations 7 and 9 can be used to estimate 712 

the compressive strength of CFF reinforced soil bricks and SBF reinforced soil bricks 713 

respectively, using the value of tensile strength and vice versa. These two equations do not 714 

consider the aging effect of the samples.  715 

4.2 Response surface models of soil brick properties 716 

Using Response Surface Methodology (RSM) on Matlab R2016a software, response surface 717 

models that fully predict all soil brick properties were developed. These models consider some 718 

key variables;  fibre type, fibre weight friction, effect of brick aging, compressive strength, 719 

tensile strength, bulk density and water absorption. Based on regression coefficients at 95% 720 

confidence level, the response surface equations for compressive strength in MPa (equation 721 

10), tensile strength in MPa (equation 11), bulk density in gm/cm3 (equation 12) and water 722 

absorption in percentage (equation 13) were established as polynomial models as shown in 723 

Figures 30 - 37.    724 

fc (x, y) = α0 + α1x + α2y + α3x2 + α4xy + α5y2 + α6x2y + α7xy2 + α8y3 + α9x2y2 + α10xy3                                                 725 

+ α11y4                                                                                                                 (10)  726 

ft (x, y) = β0 + β1x + β2y + β3x2 + β4xy + β5y2 + β6x2y + β7xy2 + β8y3                                  (11)  727 

BD (x, y) = k0 + k1x + k2y + k3x2 + k4xy + k5y2 + k6x2y + k7xy2 + k8y3                                                 (12)  728 

WA (x, y) = q0 + q1x + q2y + q3xy + q4y2                                                                             (13) 729 

Where x is the response variable of fibre weight fraction in percentage; y is the response 730 

variable of samples age in days; α, β, k and q are non-dimensional interaction coefficients for 731 

the models predicting compressive strength, tensile strength, bulk density and water absorption 732 

respectively.  733 
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Figure 30: Response Surface plot of compressive strength vs % CFF and age of samples. 734 

Figure 31: Response Surface plot of compressive strength vs % SBF and age of samples. 735 

Figure 32: Response Surface plot of tensile strength vs % CFF and age of samples. 736 
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Figure 33: Response Surface plot of tensile strength vs % SBF and age of samples. 737 

Figure 34: Response Surface plot of bulk density vs % CFF and age of samples. 738 

Figure 35: Response Surface plot of bulk density vs % SBF and age of samples. 739 
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Figure 36: Response Surface plot of water absorption vs % CFF and age of samples. 740 

Figure 37: Response Surface plot of water absorption vs % SBF and age of samples. 741 

The proposed response models can be applied for CFF-soil bricks and SBF-soil bricks based 742 

on the values of interaction coefficients α, β, k and q given in Tables 7 and 8 respectively. 743 

Similar constitutive relationship for oil palm broom fibres reinforced concrete has been 744 

proposed by Momoh et al. [47].  745 

The key aspect of any regression model is the error rates because this measures its predictive 746 

capacity. The success of regression analysis lies in the adequacy of the fitted model to predict 747 

values close to the observed data values. Two statistical coefficients, Root Mean Square Error 748 

(RMSE) and coefficient of determination (R2), were used to assess how well the developed 749 
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response models predict the behaviour of reinforced soil bricks, including its compressive 750 

strength (fc), tensile strength (ft), bulk density (BD) and water absorption (WA) similar to 751 

Momoh et al. [47]. 752 

Root Mean Square Error (RMSE) is widely used to measure the differences between observed 753 

values and those predicted by a model in order to quantify the model performance. RMSE is 754 

always non-negative, and a value of 0 would indicate a perfect fit to the data. In general, the 755 

closer the RMSE is to a value of 0 the better. Coefficient of determination (R2) is a measure of 756 

the degree of correlation between two variables used in assessing the goodness of fit. It provides 757 

a measure of how well observed outcomes are replicated by the model and ranges between 0 758 

and 1, with a value of 1 indicating perfect fit. In this study, it measures how well the model fits 759 

the experimental data. The values of the coefficient of determination R2 and Root Mean Square 760 

Error (RMSE) presented in Tables 7 and 8 indicate a good correlation between the experimental 761 

data and the models. This proves the suitability of proposed models for practical engineering 762 

applications. However, it is recommended not to use these models beyond 180 days and not to 763 

exceed 11% fibre weight fraction as these models are based on experimental data between 14 764 

and 180 days and 11% maximum fibre content.  765 

Care should be taken in using density model for SBF-soil bricks as their coefficient of 766 

determination R2 is low as 0.8367. However, when data points of low fraction (3%) are 767 

removed, R2 value improves to 0.916.   768 

 769 

 770 

 771 

 772 



41 
 

Table 7: Response surface coefficient for predicting properties of CFF reinforced soil bricks. 773 

Property Regression Coefficients 

(with 95% confidence 

bound) 

Value R2 Root Mean 

Square Error 

(RMSE) 

Compressive 

strength (fc) 

α0 

α1 

α2 

α3 

α4 

α5 

α6 

α7 

α8 

α9 

α10 

α11 

1.121 

0.04143 

0.02657 

-0.0001436 

-0.007056 

0.09519 

1.45e-05 

0.0006654 

-0.00952 

-4.909e-07 

-2.642e-05 

9.507e-05 

0.917 0.245 

Tensile 

strength (ft) 

β0 

β1 

β2 

β3 

β4 

β5 

β6 

β7 

β8 

1.104 

0.01017 

0.2154 

-3.858e-05 

-0.0008032 

-0.001298 

8.206e-07 

5.865e-05 

-0.001234 

0.9564 0.08352 

Bulk density 

(BD) 

k0 

k1 

k2 

k3 

k4 

k5 

k6 

k7 

k8 

1.652 

-0.002791 

-0.01048 

1.028e-05 

0.0003696 

-0.006878 

-9.941e-07 

-1.221e-05 

0.0004646 

0.9638 0.0222 

Water 

absorption 

(WA) 

q0 

q1 

q2 

q3 

q4 

11.98 

-0.004373 

0.4518 

4.72e-05 

0.002308 

0.961 0.400 

 774 

 775 

 776 
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Table 8: Response surface coefficient for predicting properties of SBF reinforced soil bricks. 777 

Property Regression Coefficients 

(with 95% confidence 

bound) 

Value R2 Root Mean 

Square Error 

(RMSE) 

Compressive 

strength (fc) 

α0 

α1 

α2 

α3 

α4 

α5 

α6 

α7 

α8 

α9 

α10 

α11 

1.125 

0.04157 

-0.04228 

-0.0001511 

-0.005102 

0.1782 

1.497e-05 

0.0001413 

-0.02799) 

-2.896e-07 

1.511e-06 

0.001207 

0.9052 0.2036) 

Tensile 

strength (ft) 

β0 

β1 

β2 

β3 

β4 

β5 

β6 

β7 

β8 

1.152 

0.007806 

0.222 

-2.793e-05 

-0.000684 

-0.02126 

3.811e-07 

4.073e-05 

0.0003255 

0.8564 0.1238 

Bulk density 

(BD) 

k0 

k1 

k2 

k3 

k4 

k5 

k6 

k7 

k8 

1.676 

-0.002836 

0.0332 

1.139e-05 

3.71e-05 

-0.01092 

-2.702e-07 

1.852e-06 

0.0005285 

0.8367 0.05414 

Water 

absorption 

(WA) 

q0 

q1 

q2 

q3 

q4 

11.95 

-0.004925 

0.3734 

0.0001759 

0.003328 

0.9232 0.505 

 778 

 779 

 780 
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4.3 Development of stress-strain relations 781 

Stress–strain relation was obtained at 14 days, as approximate representations of the stress-782 

strain curves of fibre reinforced soil bricks, according to the recommendations in British 783 

Standard EN 1052-2:2016 [28]. Such stress–strain curves (σ- ϵ) express essential information 784 

about the mechanical properties of natural fibre soil bricks. The stress-strain relations of the 785 

unreinforced and fibre reinforced soil bricks are given in Figures 38 and 39. The models 786 

represent the behaviour of fibre reinforced soil bricks under compression.  787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

Figure 38: Compression stress-strain curves for unreinforced and CFF reinforced soil bricks. 796 

 797 
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 802 

 803 

Figure 39: Compression stress-strain curves for unreinforced and SBF reinforced soil bricks. 804 
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Based on the proposed stress-strain relations, the mechanical parameters for CFF-soil bricks 805 

and SBF-soil bricks were calculated. The mean value of yield stress σy, strain at yield ϵy, 806 

residual stress σres, ultimate strain ϵu, strain ductility μϵ and secant Young’s modulus E1/3 are 807 

presented in Tables 9 and 10 as well as their Standard Deviation (SD) and Coefficient of 808 

Variation (CV).  809 

Yield stress, corresponding strain at yield and secant Young’s modulus represents the rising 810 

branch of the stress-strain curve, while residual stress, ultimate strain and strain ductility factor 811 

(ϵu/ϵpeak) are associated with post-peak softening branch. The stiffness or secant Young’s 812 

modulus was also calculated from the obtained results. The British Standard EN 1052-2:2016 813 

define a secant modulus, Es, as Young’s modulus corresponding to a normal stress equal to 814 

one-third of the peak strength [28]. These parameters are useful to support the numerical 815 

modeling of the behavior of natural fibre soil bricks and can support the validation of the results 816 

of experimental tests of future studies. 817 

Table 9: Yield stress, strains, strain ductility and secant Young’s modulus for CFF-soil bricks.   818 

 σy 

 (MPa) 

σres  

(MPa) 

σYield/ σres  ϵy 

(%) 

ϵu  

(%) 

μϵ E1/3  

(MPa) 

Mean 1.25 1.57 0.96 0.15 0.68 5.58 1055 

SD 0.45 0.76 0.58 0.09 0.13 2.78 491 

CV (%) 35.70 48.24 60.34 58.46 19.02 49.72 46.59 
 819 

Table 10: Yield stress, strains, strain ductility and secant Young’s modulus for SBF-soil bricks. 820 

 σy 

 (MPa) 

σres  

(MPa) 

σPeak/ σres  ϵy 

(%) 

ϵu  

(%) 

μϵ E1/3  

(MPa) 

Mean 1.26 1.51 0.86 0.14 0.86 7.09 881 

SD 0.57 0.69 0.20 0.06 0.23 3.91 333 

CV (%) 45.76 45.49 23.18 44.72 27.15 55.12 37.85 
 821 
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Mean values of strain at yield of CFF reinforced soil bricks and SBF reinforced soil bricks are 822 

0.15% and 0.14%, which is close to the typical value of 0.20% assumed as strain at yield by 823 

masonry standards [48]. 824 

Stress-strain curves (σ- ϵ) were normalized with respect to yield stress σy and the strain at yield 825 

ϵy respectively and presented in Figures 40 and 41 for chicken feather fibres (CFF) and 826 

sugarcane bagasse fibres (SBF) reinforced soil bricks respectively. Design constitutive 827 

equations where stresses are normalized by the yield stress are often used because they can be 828 

adopted for different materials, regardless of their yield stress. 829 

Based on the normalized stress-strain curves, the following closed-form design equations were 830 

derived:  831 

σ CFF = -0.40 𝜀3 + 0.53 𝜀2 + 0.88 𝜀                                                                                         (14)           832 

 σ SBF = -0.50 𝜀3 + 0.98 𝜀2 + 0.51 𝜀                                                                                        (15)         833 

For pre-yield 𝜀 ≤ 1.0 and, 834 

 σ CFF = 0.03 𝜀3 -0.34 𝜀2 + 1.42 𝜀                                                                                           (16)     835 

 σ SBF = 0.01 𝜀3 – 0.36 𝜀2 + 1.94 𝜀                                                                                          (17)         836 

For post-yield 1.0 ≤  𝜀 ≤ 4.7 837 

Where σ is normalised stress (σ/σy) and  𝜀  is normalised strain (ϵ/ϵy). The coefficient of 838 

determination (R2) was found to range between 0.996 and 0.999. The crossing point for 839 

equations (14, 16) and equations (15, 17) represent the point of yield, i.e. 𝜀 = 1.0. These 840 

polynomial equations were developed through an iterative procedure to ensure the continuity 841 

of the models at the crossing point (𝜀 = 1.0). Such equations are sufficiently simple to be used 842 

in engineering practice, allowing direct derivation of the stress–strain behaviour of fibre 843 

reinforced soil bricks.  844 
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 845 

 846 

 847 

 848 

 849 

 850 

 851 

Figure 40: Normalized stress-strain curves for CFF reinforced soil bricks. 852 
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 859 

 860 

Figure 41: Normalized stress-strain curves for SBF reinforced soil bricks. 861 

Mean values of normalized stress-strain curves presented in Figures 40 and 41 and the typical 862 

mean normalized stress-strain curves for CFF reinforced soil bricks and SBF reinforced soil 863 

bricks are presented in Figure 42.  864 

The typical compression behaviour of CFF reinforced soil bricks and SBF reinforced soil bricks 865 

can be generally classified with four significant phases as shown in Figure 42: contact 866 

adjustment, elastic branch, strain hardening and strain softening phases. First, at the early stages 867 

of loading, the soil and fibre particles are gradually redistributed to fill the voids that exist in 868 
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the composite until a steady state is reached. Second, the elastic linear part of the stress-strain 869 

occurred where no cracks were experimentally observed. Third, the progress of compression 870 

load leads to noticeable increase of the stress–strain curve. In this phase, multiple splitting 871 

cracks start developing. However, brick samples still resist loads, until the maximum stress is 872 

reached. Finally, as the strain increases, cracks develop in uncontrolled way and crack width 873 

increases due to localization of damage until failure (the ultimate normalised strain is reached). 874 

Barrelling shape deformation can be observed in this phase.  875 

 876 

 877 

 878 

 879 

  880 

 881 

Figure 42: Typical normalised stress-strain curves for natural fibre reinforced soil bricks. 882 

All constitutive models presented in this study contributes to knowledge of the behaviour of 883 

natural fibre reinforced soil bricks. Such models are important for finite element modelling of 884 

fibre reinforced soil bricks.  885 

The only variable of fibre reinforced soil bricks that is not covered by proposed models in this 886 

study is the random distribution and orientation of the fibre in the mix. Detailed micro finite 887 

element modelling is currently underway to investigate this.  888 
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5. Conclusions 891 

This study presents properties and constitutive relationships of natural fibre reinforced soil 892 

bricks. Based on the experimental investigation reported in this study, the following 893 

conclusions are drawn: 894 

1. Compressive and tensile strength of the soil bricks increases with increase in the length 895 

for both types of fibre up to certain length. In this study, the optimum fibre length 896 

recorded is 15 mm for both compressive and tensile strengths. 897 

2. Experimental investigation revealed an improvement in mechanical properties of 898 

natural fibre reinforced soil bricks compared to unreinforced soil bricks. For example, 899 

CFF and SBF improved the bending tensile strength compared to bricks without 900 

reinforcement fibres. Addition of 7% CFF resulted in a 98.8% increase in compressive 901 

strength and 97.4% increase in tensile strength at 14 days. At 5% SBF, both 902 

compressive strength and bending tensile strengths were improved by 78.7% and 65.0% 903 

respectively at 14 days. These values meet the British specification for soil bricks. CFF 904 

reinforced soil bricks showed slightly more improvement in compression than those 905 

reinforced with SBF. 906 

3. The optimum quantity of fibre for compressive and tensile strength, in this study is, 7% 907 

for CFF and 5% for SBF at an optimum fibre length of 15 mm. 908 

4. The results revealed that reinforced samples with CFF or SBF are acceptable and 909 

suitable for use as a building material according to the required standards. 910 

5. Simple empirical equations along with Response Surface models and stress-strain 911 

relations were developed to express and predict key information about the behaviour of 912 

fibre reinforced soil bricks. These models are useful for future analytical and numerical 913 

computations of natural fibre reinforced earth structures.  914 
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The results obtained show that there is potential for the use of CFF and SBF in reinforced soil 915 

bricks. The resulting bricks will be affordable and lightweight construction materials with 916 

satisfactory mechanical performance. All these characteristics encourage the commercial 917 

production of soil bricks with natural fibres on a large scale, especially for affordable housing 918 

construction in developing countries. 919 
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