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Abstract: Reclaimed brick masonry makes up a noteworthy portion of construction and 30 

demolition waste (CDW), totaling approximately 31%, even exceeding concrete waste. This 31 

study proposes using reclaimed brick masonry to enhance the micro and macro properties of 32 

clayey soil. Extensive laboratory testing was conducted to evaluate the performance of 33 

reclaimed brick powder (BP) along with 5% cement content. The cement was used to generate 34 

chemical bonds with BP and soil grains. Micro testing like XRF, XRD, EDAX, and SEM 35 

analyses confirmed the formation of CSH and CAH compounds which strengthened soil 36 

structure and enhanced its brittleness. However, after 10% BP, the addition of coarser grains 37 

converted the soil structure from dense to porous. Macro properties assessment confirmed that 38 

10% BP with 5% cement content is an optimum combination for selected soil. The addition of 39 

BP reduces the required amount of cement for soil stabilization making it an eco-friendlier 40 

solution. The addition of the optimum combination decreased the wL, IP, FSI, wopt, and Cc and 41 

increased the dmax, qu, CBR value, and y significantly. It is also confirmed by the specimen’s 42 

failure morphology analysis that BP with cement in clayey soil curtailed cement generated 43 

brittleness and enhanced ductility.     44 

Keywords: Brick powder; clayey soil; cement; macro and micro properties; environmental 45 

implications   46 
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1. Introduction 52 

The construction sector has a significant ecological footprint resulting from its extensive use 53 

of natural resources and the pollution generated throughout the processing and manufacturing 54 

stages [1-2]. Also, the eventual dismantling of infrastructures that have become superseded 55 

results in the sizeable generation of debris and waste. Construction and demolition waste 56 

(CDW) form a substantial fraction of the total waste produced, exceeding one-third of the 57 

overall waste generation [3]. Considering the generation of CDW in different parts of the globe, 58 

the United States generates nearly 534 MTPA of CDW, mainly through the deconstruction of 59 

structures, and likewise, CDW constitutes 30% to 40% of the total waste, amounting to around 60 

1130 MTPA, in China, as depicted in Fig. 1, along some other densely populated countries. 61 

Natural disasters like floods, earthquakes, and tsunamis further add to the considerable volume 62 

of CDW, especially in developing countries because in developed countries, the core drivers 63 

of CDW generation are demolition and renovation activities and new construction. For 64 

instance, in Pakistan alone, earthquakes and floods have led to the destruction and damage of 65 

about 3.19 million and 1.88 million houses, respectively, over the past two decades, as 66 

presented in Fig. 2, along with some other structural damages [4]. Recent earthquakes in Syria 67 

and Turkiye caused the collapse of 9,100 and 273,000 buildings, respectively, as per the UNDP 68 

initial report. The CDW quantity will reach 2.59 billion tons by 2030, with an additional rise 69 

to 3.40 billion tons by 2050, as per World Bank projections [10]. 70 

To consider this issue seriously, developed countries are actively conducting extensive studies 71 

to address these challenges sustainably. Fig. 3 provides a depiction of the annual generation of 72 

CDW in various European countries, and the majority of these countries exhibit CDW recovery 73 

rates exceeding 90%, with the exceptions of Romania, the Slovak Republic, and Cyprus. 74 

Notably, some countries achieve CDW recovery rates of up to 100%. In contrast, the CDW 75 
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recovery rate in mostly developing countries is very low. On the other hand, the construction 76 

sector is responsible for releasing 40% of CO2 into the atmosphere and consumes 35% of the 77 

world's energy [11]. Furthermore, a Substantial proportion of CDW about 10% to 30%, of the 78 

total waste dumped in landfills on a global scale [12]. Consequently, there is growing interest 79 

among industry professionals and researchers in recycling CDW within the construction sector. 80 

This approach offers several advantages, including reduced carbon footprint, enhanced energy 81 

efficiency, supplementary economic benefits, and a reduction in the waste sent to landfills [13]. 82 

Brick masonry has been a primary construction material in various developed countries for the 83 

past several centuries [14]. However, with the ongoing process of massive modernization 84 

leading to the demolition of older infrastructure, the accumulation of waste brick masonry has 85 

been steadily rising [15]. Nevertheless, in developing countries, brick masonry remains a 86 

significant component in civil engineering construction, particularly in the construction of 87 

lightweight structures. It is worth noting that brick masonry constitutes a substantial portion of 88 

CDW, accounting for around 31% of the total CDW, surpassing the amount of concrete waste, 89 

as illustrated in Fig. 4. To employ waste brick masonry in an environmentally responsible 90 

manner, the optimal approach is to recycle this waste as a construction material. In several 91 

studies, reclaimed brick masonry is used in concrete as the replacement of coarse aggregates, 92 

fine aggregate, or cement and determined its impact on workability, mechanical properties, and 93 

microstructural properties of concrete [16-22]. Numerous studies have also been conducted to 94 

assess the effectiveness of crushed bricks as a component in unbound road layers, and 95 

reclaimed brick powder is being employed as an alternative filler in asphalt mixtures to 96 

improve the performance of the wearing course in flexible pavements [23-25]. Reclaimed brick 97 

powder (BP) is also used as a stabilizer to enhance the mechanical behavior of problematic 98 

soils and few studies have been focused on the physical properties and strength properties of 99 

BP-treated soils [14; 26-27]. To the best of the authors' knowledge, there is a lack of literature 100 
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that delves into the microstructural attributes of soils treated with BP, employing methods like 101 

scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDAX) 102 

analyses. The efficacy of reclaimed brick masonry is inadequate to enhance the mechanical 103 

properties of construction materials alone up to the required limit, so, a huge amount of brick 104 

masonry is required to achieve the required outcomes from stabilization. To counter this issue, 105 

more chemically active additives like cement, lime, fly ash, bagasse ash, and alkaline activators 106 

can be used along with BP [14, 28].  107 

In this study, reclaimed brick masonry is used in the form of powder to improve the macro 108 

(physical and mechanical) properties of clayey soil along some quantity of cement, because, in 109 

regions characterized by the presence of clayey soils, often referred to as 'hidden disaster' for 110 

structures due to their subpar macro properties [29]. In literature, it is found that BP acted as a 111 

pozzolanic material [30] and a key component in its chemical composition is SiO2. 112 

Accordingly, its utilization with cement will enhance the pozzolanic competence of additives 113 

in soil because cement has a high percentage of CaO in its chemical composition. In this way, 114 

the combination of two additives can help to achieve the desired outcomes from treated clayey 115 

soils. The scope of this study is illustrated in Fig. 5. The impact of adding reclaimed brick 116 

powder (BP) and cement is assessed through physical and index properties such as consistency 117 

limits, free swell index, grain size distribution, and compaction properties. Unconfined 118 

compression tests and California bearing ratio tests are conducted on soil specimens treated 119 

with BP and cement, and with BP alone, to evaluate strength improvements. To assess the 120 

additive's efficacy on compression properties, 1D oedometer tests are performed. 121 

Microstructural tests, including scanning electron microscopy, energy-dispersive X-ray 122 

spectroscopy, and X-ray diffraction, are carried out to understand the improvement in macro 123 

properties of clayey soils.            124 
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2. Materials and methods 125 

2.1. Materials characterization 126 

2.1.1 Clayey soil 127 

The clayey soil was collected in both disturbed and undisturbed states from Chokara, situated 128 

in Karak City, Pakistan. The geological composition of this area is predominantly characterized 129 

by alluvial deposits in the Indus River plain, featuring clayey deposits with varying levels of 130 

plasticity, spanning from low to high. The comprehensive geotechnical properties of the chosen 131 

soil are depicted in Fig. 6 and Table 1.  132 

In Fig. 6a, the grain size distribution curve is illustrated, which was constructed based on the 133 

results of sieve and hydrometer analyses conducted by ASTM D7928 and D6913 standards, 134 

respectively. The analyses reveal that the selected soil consists of 48% clay, 49% silt, and 03% 135 

sand fractions. Notably, a substantial clay content, along with elevated values for both liquid 136 

limit (wL) at 56.8% and plasticity index (IP) at 33%, suggests the potential for significant soil 137 

shrinkage and swelling behavior. Consistency limits tests were carried out following the 138 

guidelines outlined in ASTM D4318. Based on the grain size distribution and consistency 139 

limits, the group symbol of soil has been categorized as CH with the group name of fat clay in 140 

accordance with the Unified Soil Classification System, following ASTM D2487. The results 141 

of standard and modified compaction test, unconfined compression test, and 1D oedometer test 142 

of selected soil were also presented in Figs. 6b, c, and d, respectively. Furthermore, x-ray 143 

fluorescence analysis was carried out to ascertain the soil's chemical composition. The analysis 144 

revealed the predominant oxides in the selected clay to be as follows: SiO2 (65.87%), Al2O3 145 

(9.71%), Fe2O3 (5.78%), and CaO (6.27%), as illustrated in Fig. 7a. 146 
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2.1.2 Additives  147 

In this study, two additives, namely reclaimed brick masonry and cement, were employed to 148 

improve the overall geotechnical performance of clayey soil. Reclaimed brick masonry was 149 

employed in the form of reclaimed brick powder (BP). According to existing literature, the size 150 

of BP grains plays a critical role in achieving the desired outcomes [19]. For this study, grains 151 

of crushed reclaimed bricks smaller than 4.75 mm that passed through sieve no. 4 were 152 

designated as reclaimed BP. Considering the assertion made by Toledo Filho et al. [31] that 153 

cement mortar incorporating finer BP results in a denser microstructure and increased 154 

compressive strength, a decision was made in this study to opt for a coarser gradation of BP. 155 

This choice was made specifically for the clayey soil, which contains silt and clay grains, to 156 

promote the development of a denser soil structure. The grain size distribution of BP is 157 

illustrated in Fig. 6a. To accomplish this, reclaimed brick masonry was subjected to crushing 158 

in a Ball mill machine after the removal of any residual cement mortar. An analysis of the 159 

chemical composition revealed that the primary oxides present in the BP were as follows: SiO2 160 

(69.63%), Al2O3 (10.89%), and Fe2O3 (9.96%), as depicted in Fig. 7b. Additionally, a small 161 

quantity of ordinary Portland cement was used alongside the BP as an additive. The primary 162 

oxides in the chemical composition of cement, predominantly CaO, are displayed in Fig. 7c. 163 

Based on the chemical composition of all three materials, it becomes evident that when mixed 164 

in the presence of water, these materials possess the proficiency to generate cementitious 165 

substances known as calcium silicate hydrate (CSH) and calcium aluminate hydrate (CAH) 166 

compounds. These compounds serve to enhance the bonding among soil grains, thereby 167 

improving the macro properties of clayey soil. 168 
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2.2. Specimen preparation and methodology 169 

2.2.1 Specimens remolding and tests matrix 170 

To prepare the treated specimens for micro and macro properties evaluation, different 171 

proportions of reclaimed brick powder (BP) were employed as an additive, which was mixed 172 

with 5% cement. This percentage of cement was decided considering the concept of strength 173 

development rate with the increment of cement content in clayey soil, and usually, the 174 

boundary of the clay-cement interaction zone (Zone II) and the inactive zone (Zone I) starts 175 

from 5% of cement content, however; its value varies for clay to clay [32-33]. In general, 5%, 176 

10%, 15%, and 20% BP were utilized in conjunction with 5% cement, nonetheless, certain 177 

unconfined compression tests were also conducted using only 5%, 10%, 15%, and 20% BP to 178 

assess BP's effectiveness in stabilizing clayey soil. The aforementioned tests were carried out 179 

on different specimens that incorporated BP and cement, and these specimens were allowed to 180 

cure for 7, 14, and 28 days. However, it's worth noting that the specific curing periods varied 181 

for each test. The test matrix for this study is provided in Table 2, and Fig. 8 illustrates the 182 

sample preparation process. For conducting ID consolidation tests, unconfined compression 183 

tests, and microstructural examinations like SEM and EDAX, the specimens were remodeled 184 

while adhering to standard compaction parameters, resulting in specimens with a height of 185 

101.6 mm and a diameter of 50.8 mm. The specimens were subsequently resized according to 186 

the specific test requirements. On the other hand, for CBR tests, the specimens were remolded 187 

using modified compaction parameters. To ensure the maintenance of the required water 188 

content for the formation of the cementitious compounds, the remolded specimens were 189 

wrapped in polythene cling sheets and placed in a desiccator for curing, following 190 

recommendations from the literature [34]. 191 

2.2.2 Testing methods 192 
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2.2.2.1 Macro properties tests 193 

The UCT assesses stress-strain behavior and undrained strength of soil specimens, adhering to 194 

ASTM D2166. This test evaluates the efficacy of treatments on clayey soils. Cylindrical 195 

specimens (50.8 mm diameter, 101.6 mm height) were used, with precise deformation 196 

measurements recorded by a high-precision displacement gauge. A consistent strain rate of 1 197 

mm/min was maintained. 198 

Unsoaked CBR tests, following ASTM D1883, assessed subgrade performance under applied 199 

loads. Specimens were remolded in 2315.5 cm³ compaction molds using modified compaction 200 

parameters and cured for 7 and 28 days. Uniform compaction was ensured by evenly 201 

distributing blows. The tests used a 5 cm diameter plunger at a 1.3 mm/min penetration rate, 202 

with CBR values determined at 0.254 cm and 0.508 cm penetration depths. 203 

Soil specimens underwent 1D consolidation tests with standard oedometers, following ASTM 204 

D2435. Specimens in 60 cm diameter, 20 mm height brass rings were saturated for 24 hours in 205 

the oedometer cell. Consolidation pressure was incrementally applied in six stages (49.94 kPa 206 

to 1598 kPa) and four unloading stages. Each stage's pressure was twice that of the previous 207 

and maintained for 24 hours. Parameters such as compression index (Cc), initial void ratio (e0), 208 

and yield stress (σy) were derived from the compression curves to evaluate soil improvement.  209 

2.2.2.2 Micro properties tests 210 

To minimize potential microstructural disruptions, small specimens (approx. 125 mm³) were 211 

sectioned using a scalpel for SEM and EDAX analyses after 28 days of curing. These 212 

specimens were air-dried to avoid fabric distortions from thermal stresses associated with oven 213 

drying. They were then placed on aluminum stubs with their surfaces facing upwards and 214 

shielded with conducting tape to prevent electrical charge accumulation. A thin gold layer was 215 

applied via ion sputter to enhance conductivity before SEM and EDAX analyses using a JEOL 216 
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JSM-IT100 with an energy-dispersive X-ray detector to determine surface composition. XRD 217 

analyses were also performed on treated and untreated specimens, transformed into a powdered 218 

form after 28 days of curing, to investigate chemical composition changes. Additionally, X-219 

ray fluorescence analyses were conducted to ascertain the oxide composition of the soil, BP, 220 

and cement. 221 

3. Test results and discussions 222 

3.1. Micro properties of treated clayey soil 223 

3.1.1 XRD analysis 224 

Fig. 9 illustrates the mineralogical deviations observed in a 10% BP cum 5% cement-treated 225 

specimen in comparison to an untreated one of the same clayey soil. The curing period for the 226 

treated specimen was set at 28 days. The XRD analysis of untreated specimen reveals quartz 227 

as the primary mineral (Fig. 9a), with key peaks present at different 2θ angles, such as 22° and 228 

26°. Meanwhile, significant alterations can be detected in the XRD pattern of the treated 229 

specimen, as shown in Fig. 9b. The increase in the height of the major peaks of quartz might 230 

be attributed to the addition of BP and cement. These additives primarily contain oxides such 231 

as CaO and SiO2 alongside Al2O3. In the XRD pattern of the treated specimen, several 232 

additional minor peaks emerged due to the formation of cementitious compounds, namely 233 

calcium aluminate hydrate (CAH) and calcium silicate hydrate (CSH). These compounds result 234 

from the reactions between CaO with SiO2 and Al2O3 in the presence of H2O. In the proposed 235 

soil improvement approach, the development of multiple compounds, including CSH and 236 

CAH, binds the grains within the soil structure, rendering them more rigid and enhancing the 237 

macro properties of clayey soil [35]. 238 
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3.1.2 EDAX analysis 239 

Analysis using an energy-dispersive X-ray spectrometer (EDAX) was conducted to identify 240 

elemental changes in specimens treated with varying percentages of BP cum 5% cement 241 

content. The treated specimens were examined after 28 days of curing and contrasted with an 242 

untreated one of the same clayey soil. The EDAX spectrums of both treated and untreated 243 

specimens showcased dominant elements such as silicon (Si), calcium (Ca), aluminum (Al), 244 

iron (Fe), and magnesium (Mg) with notable peaks and relatively higher weight percentages 245 

(Fig. 10). It is evident that as the additive increases, there is a corresponding rise in the intensity 246 

of calcium peaks. This is attributed to the presence of CaO, one of the primary oxides in the 247 

chemical composition of the clayey soil and cement used (Fig. 7) [36]. 248 

Furthermore, the EDAX spectrum analyses reveal an abrupt increase in the Ca:Si and Ca:Al 249 

ratios as the BP content reaches up to 10% alongside the 5% cement content (Fig. 10b). The 250 

presence of Ca in the soil matrix, alongside Al and Si in the existence of water, assists the 251 

potential formation of  CSH and CAH through chemical reactions among these elements [37]. 252 

Elevated levels of Ca compared to Al and Si, indicate enhanced development of cementitious 253 

compounds (CSH and CAH), as depicted in Fig. 10b. The growth in the Ca:Al and Ca:Si ratios 254 

diminished after reaching 10% BP due to the consistent percentage of cement content, as 255 

depicted in Figs. 10c and d. Based on both analyses presented in Figs. 7 and 10, it is evident 256 

that the proportion of Al in both soil and BP is lower than that of Si. Consequently, there's a 257 

likelihood that the quantity of CSH formed might exceed the formation of CAH. Additionally, 258 

the SEM images of the treated specimens confirmed the results obtained from EDAX. The 259 

formation of CSH and CAH compounds results from the hydration and pozzolanic reactions 260 

between soil, BP, and cement, leading to the creation of a relatively compact soil structure. 261 
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Additionally, these compounds contribute to improving the macro properties of treated clayey 262 

soil investigated in this study. 263 

3.1.3 SEM analysis 264 

Alterations in the microstructure of untreated specimens and those treated with BP cum cement 265 

were observed through scanning electron microscope (SEM) analysis. To enhance clarity of 266 

the microstructure in SEM images, Fig. 11 displays two SEM images for each specimen, taken 267 

at magnifications of 20μm and 50μm. 268 

The SEM image of the untreated specimen exhibited a scattered and discontinuous 269 

microstructure, characterized by numerous medium to micropores and free silt particles larger 270 

than 20 μm, as especially shown in Fig. 11a-2. Moreover, the impact of any cementitious 271 

compounds on this soil structure cannot be discerned. According to Chen et al., [38], Pores 272 

within clayey soils are categorized by their sizes, namely macro-pores (ranging from 80 to 700 273 

μm), medium pores (ranging from 2 to 80 μm), fine pores (ranging from 0.08 to 2 μm), and 274 

micropores (ranging from 0 to 0.08 μm). 275 

The SEM images of specimens treated with 10% and 15% BP in combination with 5% cement 276 

revealed interconnected soil structures devoid of free silt particles (Figs. 11b and c). The silt 277 

particles were embraced into the soil structure due to the formation of cementitious compounds. 278 

Nonetheless, some medium to micropores are still discernible within these soil structures. 279 

Even, some sand grains larger than 50 μm can also be detected in Figs. 11b and c after the 280 

addition of BP content. In this study, the pozzolanic reaction between the SiO2 and Al2O3 from 281 

BP and soil and Ca(OH)2 from cement after hydration facilitated the generation of cementitious 282 

compounds such as CSH and CAH. The formation of the same cementitious compounds also 283 

discussed by [19], due to the reaction of cement and BP in concrete. It seems that the soil 284 

structure of the 10% BP-treated specimen is denser than the 15% BP-treated specimen, due to 285 

the presence of coarser grains in the 15% BP-treated specimen. This dense structure caused 286 
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more brittleness and strength in the specimen treated with 10% BP and 5% cement as compared 287 

to other treated specimens.   288 

3.2. Macro properties of treated clayey soil  289 

3.2.1. Index properties  290 

In Fig. 12, the impact of the addition of 5% cement along different percentages of BP on grain 291 

size distribution and fractions of different grains is discussed. With an increasing percentage 292 

of BP, the sand fraction increased as compared to the silt fraction. However, some increment 293 

in silt fraction was also noted. Meanwhile, the impact of the addition of BP on the clay fraction 294 

was significant. With an increasing percentage of BP, the clay fraction decreased considerably. 295 

Because, the major grains in grain size distribution of BP and clayey soil were sand and silt 296 

and silt and clay, respectively. So, with increasing the BP content in selected soil, clay fraction 297 

decreased and sand fraction increased but the effect of 5% BP along with 5% cement on 298 

fractions of silt, sand, and even clay was almost negligible due to the finer grains of cement.   299 

The impact of varying percentages of BP along 5% cement on the liquid limit (wL) and 300 

plasticity index (IP) of clayey soil is depicted in Fig. 13a. As BP increased, both wL and IP 301 

decreased. This pattern remained prominent up to 10% BP; beyond this threshold, the 302 

alterations in these properties became negligible. Similar behavior of only BP-treated soil was 303 

also discussed by Blayi et al., [26]. Overall, there was a reduction of 32.2% in wL and 65.6% 304 

in IP, as the BP increased from 0 to 10% in soil along with 5% cement. This reaction can be 305 

ascribed to substituting clayey grains with non-plastic grains of BP. Additionally, the addition 306 

of cement results in a reduction in the adsorption of Ca2+ ions onto the surface of clay grains, 307 

thereby diminishing the repulsion between adjacent diffused double layers and promoting 308 

edge-to-face contact between successive clay layers [39]. Consequently, clay grains aggregate 309 

into larger clusters, leading to an increment in the plastic limit (wP) with a reduction in both the 310 
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wL and IP. After reaching a 10% BP content, the alteration in wL and IP almost halted. This may 311 

be due to the transition phase which came after the 10% BP content with a combination of 5% 312 

cement. On the other hand, Fig. 13b illustrates the shift in the classification of clayey soil from 313 

CH (fat clay) to ML (low plastic silt). Because, the replacement of clayey grains with non-314 

plastic coarser grains of BP results in a decrease in the repulsive forces among the soil grains, 315 

thereby encouraging grains agglomeration. 316 

The free swell index (FSI) is defined as the percentage increase in the volume of clayey soil 317 

after it swells freely in water for a set period, typically 24 hours, using a dry and pulverized 318 

soil specimen for testing. FSI serves as a vital measure for assessing the volumetric behavior 319 

of clayey soils. Hence, to evaluate the effectiveness of the varying BP content with a 320 

combination of 5% cement content in addressing this issue, FSI tests were conducted on both 321 

untreated and treated specimens. The treated specimen exhibited a notable reduction in FSI 322 

compared to the untreated one (Fig. 14). The reduction in FSI is particularly rapid up to a 10% 323 

BP content; however, the rate of reduction slows significantly beyond this point. This 324 

improvement in FSI is attributed to the substitution of non-swelling materials like BP with clay 325 

grains. A reduction of about 40% in FSI is noted, as the BP increased from 0 to 10% in soil 326 

along with 5% cement content. 327 

3.2.2. Compaction properties 328 

Fig. 15 illustrates how the compaction properties of the treated clayey soil are affected by the 329 

variation of BP content with 5% cement content. As depicted in Fig. 15a, it is observed that as 330 

the percentage of additives increased, the peak points of the compaction curves also increased. 331 

A clear reduction can be observed in the optimum water content (wopt) as the percentage of BP 332 

increased with 5% cement content, while the maximum dry unit weight (γdmax) demonstrated 333 

an opposite trend compared to wopt with the incorporation of additive (Fig. 15b). With the 334 
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addition of BP ranging from 0 to 10%, the γdmax value increased by approximately 7.15%, while 335 

the wopt value decreased by 13.80%. Due to the addition of BP, a similar trend of compaction 336 

properties of clayey soils was also discussed [14, 19]. Upon reaching a 10% BP content, any 337 

further change in compaction properties effectively ceased. Due to the addition of BP in clayey 338 

soil, the non-plastic coarser BP grains replaced the clay grains which decreased the specific 339 

surface area and also reduced the need for water to lubricate the clayey grains for densification. 340 

Considering this, initially, the γdmax increased and the wopt decreased due to the addition of BP 341 

along with cement. However, at higher BP content, the excessive presence of coarser BP grains 342 

in the soil constructs a porous soil structure that insignificantly reduces the unit weight, and 343 

enhances the water-holding capacity, as discussed in section 3.1.3. Furthermore, it is well 344 

established in the literature that adding cement to clayey soil also improves the γdmax and 345 

reduces wopt due to aggregation of grains.   346 

3.2.3. Strength properties  347 

3.2.3.1 Stress-strain behavior 348 

Fig. 16a depicts a comparison of stress-strain curves of specimens treated with various 349 

percentages of BP and a specimen treated with 5% cement content, following 7 days of curing 350 

periods. Natural clayey soils generally exhibit different stress-strain behaviors, often 351 

characterized as ductile, semi-brittle, and brittle. Typically, soils treated with additives tend to 352 

display these behaviors. The slope of the stress-strain curve of the 5% cement-treated specimen 353 

before the failure point is more than the BP-treated specimens at the same curing period. 354 

Moreover, the cement-treated specimen exhibited more strain-softening behavior than the BP-355 

treated specimens. It can also be observed that the strain at failure (f) of the cement-treated 356 

specimen is less than the BP-treated specimens. It means BP-treated specimens displayed 357 

ductile behavior as compared to cement-treated specimens, and the addition of BP in cement-358 
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treated clayey soil increased the ductility. Cementation compounds are generated due to a 359 

pozzolanic reaction between the SiO2, Al2O3, and Ca(OH)2 upon the addition of cement in 360 

clayey soil, and these compounds fill the pores and make the soil structure more dense and 361 

stiff. So, clayey soil after cement treatment showed brittle behavior. On the other hand, the 362 

addition of coarser grains of BP in clayey soil generated a porous structure which enhanced the 363 

ductility. However, at the initial stage, when both BP and cement are used together to enhance 364 

the macro properties of clayey soil, the porous soil structure develops due to coarser BP grains 365 

filled with cementitious compounds generated due to the addition of cement. While, in this 366 

study, at higher percentages of BP, the 5% cement is insufficient to fill the pores. Therefore, 367 

after 10% BP content, treated specimens showed relatively less brittle behavior than the others, 368 

as illustrated in Fig. 16b. As the curing period progressed, several changes occurred: the slope 369 

of stress-strain curves before the failure point increased, the strain-softening response 370 

intensified, and εf decreased, as depicted in Fig. 16c. This is primarily due to the time-sensitive 371 

nature of the chemical reaction, particularly the pozzolanic reaction that occurred due to the 372 

addition of cement with BP in clayey soil. This chemical reaction leads to the formation of 373 

cementitious compounds, which tightly bind the soil grains, thereby reducing soil ductility 374 

while enhancing strength. 375 

3.2.3.2 unconfined compressive strength 376 

Fig. 17 discusses the impact of varying proportions of BP and cement individually, as well as 377 

their combinations, on unconfined compressive strength (qu). The curing period for BP and 378 

cement alone was set at 7 days, while specimens treated with BP cum cement content were 379 

tested considering the different curing periods, including 7, 14, and 28 days. The influence of 380 

BP on qu is almost negligible after 7 days of curing. A little increment can be noted at 10% BP 381 

just due to the increase in the γdmax because, at 10% BP, the selected clayey soil has a denser 382 
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soil structure as compared to other percentages. Further, there is no chemical reaction occurred 383 

between the BP and clayey soil to improve the strength as the SiO2 and Al2O3 are the dominant 384 

oxides in both materials. The effect of 5% cement content on qu is considerable as compared to 385 

BP, after 7 days of curing. The qu of 5% and 10% BP-treated specimens is about 200% less 386 

than the qu of 5% cement-treated specimen because there is a strong pozzolanic reaction 387 

between the oxides of cement and clayey soil which generates the CSH and CAH compounds 388 

to strengthen the soil structure. On the other hand, the addition of BP only influences the unit 389 

weight (γ) of soil.  390 

The combined effect of BP and cement on the qu is discussed in 2nd half of Fig. 17 considering 391 

the curing periods of 7, 14, and 28 days. Up to 10% BP addition in clayey soil along the cement, 392 

the qu-values increased but later, these values decreased with increment of BP content. Because 393 

at higher BP content, the soil structure of clayey soil becomes porous due to sand and silt grains 394 

of BP. Also, cement content remains the same for all percentages of BP, so, the tendency of 395 

chemical reactions between the cement, soil, and BP oxides may also be compromised at higher 396 

percentages of BP. However, the impact of BP along cement on the qu is almost insignificant. 397 

The qu-values of BP cum cement-treated specimens are very high than the only BP-treated 398 

specimens. At 10% BP content and 7 days of curing, the qu of only BP treated specimen is 399 

around 261% less than the BP cum cement treated specimen.  400 

On the other hand, there is little difference between the qu-values of the cement-treated 401 

specimen and BP cum cement-treated specimens. Since in the adopted approach of soil 402 

improvement, the addition of coarser grains of BP in clayey soil only impacts the γ of soil and 403 

this change has not a huge impact on strength properties. As compared to the untreated one, 404 

the qu-values of treated specimens are very high. It is also worth noting that as the curing period 405 
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increased, the values of qu also significantly rose, as more cementitious bonds were formed 406 

over time.  407 

3.2.3.3 Failure morphology analysis   408 

Fig. 18 presents the failure morphology of untreated, cement-, and BP-treated specimens 409 

obtained from the unconfined compression test. The untreated specimen exhibited clear 410 

bulging without any failure plane, so, the value of shear failure angle () is also zero (Fig. 18a). 411 

The strain at failure (f) of this specimen is very high with a value of about 11%. Overall, the 412 

ductile failure of this specimen can be considered considering the high value of f and low value 413 

of . The 5% cement-treated specimen has a vertical failure plane of  90o, as illustrated in 414 

Fig. 18b. The f-value of this specimen is only 3.75%. This brittle failure of cement-treated 415 

specimens indicated the formation of CSH and CAH which strengthen the soil structure and 416 

make it brittle. Figs. 18c-e depicts the impact of different BP contents on failure morphology. 417 

Overall, these all specimens have inclined failure planes with different values of and f. The 418 

-values of BP-treated specimens are less than the cement-treated specimens with greater f-419 

values. Considering the  f, and failure plane mode, these specimens showed semi-brittle to 420 

brittle failure. Because the addition of BP in selected clayey soil only influences the  of the 421 

soil and after 10% BP, the presence of a large quantity of coarser BP grains in soil structure 422 

reduces the  which causes to decrease the and increase the f (Fig. 18e).  423 

Fig. 19 presents the failure morphology of specimens treated with different percentages of BP 424 

and 5% cement content. It can be detected that with increasing the BP content, the -values 425 

decreased while the f-values increased. Moreover, the transition of failure planes can also be 426 

observed from vertical to inclined with increasing the BP content. Because excessive presence 427 

of coarser grains (sand and silt) in soil structure of clayey soil makes it more porous and also 428 
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decreases the brittleness generated due to the addition of cement in this study. So, the failure 429 

mode is semi-brittle to brittle at 15% and 20% BP contents. The impact of curing on failure 430 

morphology of 5% BP cum 5% cement-treated specimens is discussed in Fig. 20. Effect of the 431 

curing period is clear on the failure plans and the -value. With increasing the curing from 7 432 

to 28 days, the -value changed from around 60o to 90o, and failure planes transited to vertical 433 

form inclined due to the growth of CAH and CSH compounds. 434 

3.2.3.4 Subgrade strength  435 

California bearing ratio (CBR) tests are conducted to assess the effectiveness of treated soil as 436 

subgrade material, and specimens are subjected to curing periods of 7 and 28 days to investigate 437 

the influence of additives on soil structure. In Fig. 21a, stress-penetration curves for untreated 438 

and BP cum cement-treated specimens are depicted, considering different curing times and 439 

additive contents. In all tested specimens, stress increases linearly with penetration. However, 440 

the stress value of treated specimens exceeds that of untreated ones for equivalent penetration 441 

values, until reaching 10% BP, after which this trend reversed. 442 

Fig. 21b presents a comparison of the CBR values between untreated and treated specimens, 443 

considering variations in curing period and additive content. A well-defined increase in the 444 

CBR values is evident following the addition of BP along cement after 7 and 28 days of curing 445 

periods. Specifically, the CBR value of the treated specimen showed an approximately 260% 446 

upsurge compared to the untreated specimen, attributed to the inclusion of 10% BP and 5% 447 

cement as additives. After 10% BP, a major reduction in CBR values is noticed due to the 448 

reduction in the  caused by the presence of a large amount of coarser grains of BP in soil 449 

structure. Furthermore, the influence of curing on the CBR values of treated specimens is 450 

noticeable. With the curing period increasing from 7 to 28 days, a distinct improvement of 451 
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around 9% in CBR values is observed, attributed to the development of cementitious 452 

compounds in the form of CAH and CSH. 453 

3.2.4. Compression properties 454 

The 1D consolidation tests were conducted on both treated and untreated specimens to inspect 455 

compression behavior, focusing on the initial void ratio (e0), yield stress (σy), and compression 456 

index (Cc) [41]. All treated specimens underwent testing after 28 days of the curing period, 457 

without considering the influence of curing on compression properties. A comparison of 458 

compression curves (e-logσv
 relationships) is depicted in Fig. 22a. In treated specimens, there 459 

is a small reduction observed in the void ratio in the pre-yield curve compared to untreated one 460 

(refer to Fig. 6d), attributable to the formation of cementitious compounds. However, a rapid 461 

decrease in the void ratio is noticeable in the post-yield curve due to the fracture of cementitious 462 

bonds under higher σv. 463 

Figs. 22b and c illustrate the trends in e0, σy, and Cc of various percentages of BP cum 5% 464 

cement-treated specimens. The e0 and Cc exhibited an increase and the σy displayed a decrease 465 

of up to 10% BP, attributed to the introduction of densification due to BP and cementitious and 466 

reinforcing compounds into the soil structure, within acceptable limits. The continued 467 

enhancement in e0, after 10% BP, is attributed to the surplus BP content, which impeded 468 

densification and led to the production of porous soil structure. The impact of this excess BP 469 

is relatively minor on Cc compared to σy, while σy displayed contrasting behavior after 10% BP. 470 

This change is attributed to void growth and a decrease in the . 471 

4. Environmental and field implications  472 

A significant allocation of resources is essential for implementing sustainable waste 473 

management strategies for CDW, posing a concerning challenge, particularly in developing 474 
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nations. The generation of CDW is associated with numerous environmental and social issues, 475 

including a) squandering of resources encompassing labor, materials, and energy; b) aesthetic 476 

repercussions in case of mismanagement; c) health hazards for handlers; d) costs associated 477 

with the disposal of CDW; e) requirement for landfill space; f) pollution from hazardous 478 

materials: g) energy consumption in the management of CDW; h) climate change through 479 

greenhouse gas emissions. However, extensive research efforts are underway to address these 480 

challenges in sustainable ways. The prevalent method in modern construction involves 481 

recycling and repurposing CDW for the development of new infrastructure. CDW finds 482 

effective application across various infrastructure projects, serving as subbase and base 483 

materials, fill material, and replacing aggregates in both asphalt and concrete, among other uses 484 

[41-43].  485 

Overall, CDW generation exceeds 3 billion tons around the world [45], and reclaimed brick 486 

masonry constitutes a substantial proportion of CDW, comprising around 31% of the total 487 

CDW [46].  So, a considerable quantity of reclaimed brick masonry is present within the CDW 488 

stream, suitable for utilization in construction projects. To implement this study in the field, it 489 

is crucial to assess the demand for reclaimed brick masonry based on the needs of the proposed 490 

soil improvement approach. To estimate the waste material required for soil improvement in a 491 

civil engineering project, the following Equation can be used as per [47-48]. 492 

At          493 

where  is the amount of waste needed for soil improvement, γ is the unit weight of soil, A and 494 

t are the area and thickness of the soil, respectively and η is the optimized percentage of waste. 495 

The optimal macro properties of the treated clayey soil are attained with a 10% BP content in 496 

the proposed soil improvement approach. Taking this into account, for a two-lane road 497 

spanning 1 km, with a treated subgrade 0.5 m thick and 7 m wide, around 630 tons of BP would 498 
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be necessary. Similarly, for a foundation covering an area of 150 m2 with a treated subgrade 499 

layer 1 m thick, only 27 tons of BP would suffice (Fig. 23). Therefore, the availability of 500 

reclaimed brick masonry poses no obstacle to the implementation of the proposed soil 501 

improvement approach. A significant quantity of required CDW is accessible, and the proposed 502 

method shows promising potential in diverting a considerable amount of CDW away from 503 

landfills. Moreover, under field conditions, expansive clays necessitate a considerable quantity 504 

of cement (≥ 15%) [49]. However, the current study demonstrates that a mere 5% cement, when 505 

combined with waste BP, proves adequate for soil stabilization. This demonstrates a substantial 506 

reduction in cement requirement which is traditionally the major and most convenient soil 507 

stabilizer due to logistical challenges associated with non-traditional cementing additives [50]. 508 

Consequently, the study proposes a practical approach to minimize cement usage in projects, 509 

addressing the current abundant usage of cement as the primary stabilizer. Thus, this study 510 

addresses waste management issues associated with CDW, contributing to waste recycling, 511 

pollution control, and sustainable industrial practices [51-52]. Additionally, it offers a practical 512 

approach to reducing cement demand for soil stabilization, thereby lowering the carbon 513 

footprint and mitigating global warming and other ecological issues [53]. 514 

5. Conclusions 515 

This study introduces and assesses an approach to managing reclaimed brick masonry by 516 

combining it in the form of powder with cement to effectively improve the micro and macro 517 

properties of clayey soil. Through comprehensive macro and micro testing, this study yields 518 

the following key findings. 519 

 For micro evaluation, XRF, XRD, EDAX, and SEM analyses were conducted, 520 

confirming the formation of cementitious compounds like CAH and CSH through 521 

reactions between CaO with SiO2 and Al2O3 in the presence of H2O. These compounds 522 
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bonded grains together and filled pores in the soil structure, improving macro 523 

properties. SEM analysis also revealed that the soil structure of the 10% BP and 5% 524 

cement-treated specimen was denser compared to the 15% BP and 5% cement-treated 525 

specimen due to the excessive presence of coarser grains. 526 

 As BP increased along the 5% cement content, physical and index properties like wopt, 527 

FSI, wL, and IP decreased, and the γdmax increased.  This pattern remained prominent up 528 

to 10% BP; beyond this threshold, the alterations in these properties became negligible 529 

or less. Overall, there is a reduction of about 32.2% in wL, 65.6% in IP, 40% in FSA, 530 

and 13.80% in wopt and an increment of around 7.15% in the γdmax as the BP increased 531 

from 0 to 10% in soil.  532 

 The amelioration in the aforementioned properties is attributed to replacing clayey 533 

grains with non-plastic coarser BP grains which reduced the specific surface area and 534 

water lubrication needs for densification. Additionally, cement addition decreased Ca2+ 535 

ion adsorption on clay grain surfaces, decreasing repulsion between diffused double 536 

layers and promoting edge-to-face contact among clay layers, resulting in larger 537 

clusters and improved properties. However, beyond 10% BP content, excessive coarse 538 

BP grains created a porous soil structure, causing a reduction in unit weight and 539 

enhancement in water-holding capacity. 540 

 The addition of BP in clayey soil has a lesser impact on qu compared to cement. After 541 

7 days of curing, the qu of the 10% BP-treated specimen is about 200% lower than that 542 

of the 5% cement-treated specimen, as cement formed CSH and CAH compounds to 543 

strengthen the soil. However, BP primarily affects the soil's γ. Initially, up to 10% BP 544 

and 5% cement, qu-values increased, but beyond this, they decreased due to the porous 545 

structure formed by higher BP content. Additionally, since cement content remains 546 
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constant for all BP percentages, chemical reaction tendencies may also be 547 

compromised. 548 

 Failure morphology analysis revealed that cement-treated specimens exhibited a more 549 

brittle behavior than BP-treated specimens due to CAH and CSH compound generation, 550 

indicated by higher α-values and lower εf-values. Additionally, in BP cum 5% cement-551 

treated specimens, as BP content increased, failure planes shifted from vertical to 552 

inclined, α-values decreased, and εf-values increased due to excessive coarse BP grains 553 

creating a more porous soil structure and reducing brittleness. 554 

 The treated specimen exhibited a significant 260% increase in CBR value than the 555 

untreated one, ascribed to 10% BP and 5% cement inclusion. However, CBR values 556 

notably decreased after 10% BP due to a reduction in γ. Additionally, around 9% 557 

improvement in CBR values is observed with the increase in the curing period from 7 558 

to 28 days, attributed to the development of cementitious compounds with time. 559 

 The addition of various percentages of BP with 5% cement resulted in an increase in e0 560 

and Cc, and a decrease in σy up to 10% BP. Continued enhancement in e0 after 10% BP 561 

is attributed to surplus BP content hindering densification. The impact of this excess 562 

BP is relatively minor on Cc compared to σy, which exhibits contrasting behavior after 563 

10% BP due to a decrease in γ. 564 
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Abstract: Reclaimed brick masonry makes up a noteworthy portion of construction and 30 

demolition waste (CDW), totaling approximately 31%, even exceeding concrete waste. This 31 

study proposes using reclaimed brick masonry to enhance the micro and macro properties of 32 

clayey soil. Extensive laboratory testing was conducted to evaluate the performance of 33 

reclaimed brick powder (BP) along with 5% cement content. The cement was used to generate 34 

chemical bonds with BP and soil grains. Micro testing like XRF, XRD, EDAX, and SEM 35 

analyses confirmed the formation of CSH and CAH compounds which strengthened soil 36 

structure and enhanced its brittleness. However, after 10% BP, the addition of coarser grains 37 

converted the soil structure from dense to porous. Macro properties assessment confirmed that 38 

10% BP with 5% cement content is an optimum combination for selected soil. The addition of 39 

BP reduces the required amount of cement for soil stabilization making it an eco-friendlier 40 

solution. The addition of the optimum combination decreased the wL, IP, FSI, wopt, and Cc and 41 

increased the dmax, qu, CBR value, and y significantly. It is also confirmed by the specimen’s 42 

failure morphology analysis that BP with cement in clayey soil curtailed cement generated 43 

brittleness and enhanced ductility.     44 

Keywords: Brick powder; clayey soil; cement; macro and micro properties; environmental 45 

implications   46 

 47 

 48 

 49 

 50 

 51 
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1. Introduction 52 

The construction sector has a significant ecological footprint resulting from its extensive use 53 

of natural resources and the pollution generated throughout the processing and manufacturing 54 

stages [1-2]. Also, the eventual dismantling of infrastructures that have become superseded 55 

results in the sizeable generation of debris and waste. Construction and demolition waste 56 

(CDW) form a substantial fraction of the total waste produced, exceeding one-third of the 57 

overall waste generation [3]. Considering the generation of CDW in different parts of the globe, 58 

the United States generates nearly 534 MTPA of CDW, mainly through the deconstruction of 59 

structures, and likewise, CDW constitutes 30% to 40% of the total waste, amounting to around 60 

1130 MTPA, in China, as depicted in Fig. 1, along some other densely populated countries. 61 

Natural disasters like floods, earthquakes, and tsunamis further add to the considerable volume 62 

of CDW, especially in developing countries because in developed countries, the core drivers 63 

of CDW generation are demolition and renovation activities and new construction. For 64 

instance, in Pakistan alone, earthquakes and floods have led to the destruction and damage of 65 

about 3.19 million and 1.88 million houses, respectively, over the past two decades, as 66 

presented in Fig. 2, along with some other structural damages [4]. Recent earthquakes in Syria 67 

and Turkiye caused the collapse of 9,100 and 273,000 buildings, respectively, as per the UNDP 68 

initial report. The CDW quantity will reach 2.59 billion tons by 2030, with an additional rise 69 

to 3.40 billion tons by 2050, as per World Bank projections [10]. 70 

To consider this issue seriously, developed countries are actively conducting extensive studies 71 

to address these challenges sustainably. Fig. 3 provides a depiction of the annual generation of 72 

CDW in various European countries, and the majority of these countries exhibit CDW recovery 73 

rates exceeding 90%, with the exceptions of Romania, the Slovak Republic, and Cyprus. 74 

Notably, some countries achieve CDW recovery rates of up to 100%. In contrast, the CDW 75 
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recovery rate in mostly developing countries is very low. On the other hand, the construction 76 

sector is responsible for releasing 40% of CO2 into the atmosphere and consumes 35% of the 77 

world's energy [11]. Furthermore, a Substantial proportion of CDW about 10% to 30%, of the 78 

total waste dumped in landfills on a global scale [12]. Consequently, there is growing interest 79 

among industry professionals and researchers in recycling CDW within the construction sector. 80 

This approach offers several advantages, including reduced carbon footprint, enhanced energy 81 

efficiency, supplementary economic benefits, and a reduction in the waste sent to landfills [13]. 82 

Brick masonry has been a primary construction material in various developed countries for the 83 

past several centuries [14]. However, with the ongoing process of massive modernization 84 

leading to the demolition of older infrastructure, the accumulation of waste brick masonry has 85 

been steadily rising [15]. Nevertheless, in developing countries, brick masonry remains a 86 

significant component in civil engineering construction, particularly in the construction of 87 

lightweight structures. It is worth noting that brick masonry constitutes a substantial portion of 88 

CDW, accounting for around 31% of the total CDW, surpassing the amount of concrete waste, 89 

as illustrated in Fig. 4. To employ waste brick masonry in an environmentally responsible 90 

manner, the optimal approach is to recycle this waste as a construction material. In several 91 

studies, reclaimed brick masonry is used in concrete as the replacement of coarse aggregates, 92 

fine aggregate, or cement and determined its impact on workability, mechanical properties, and 93 

microstructural properties of concrete [16-22]. Numerous studies have also been conducted to 94 

assess the effectiveness of crushed bricks as a component in unbound road layers, and 95 

reclaimed brick powder is being employed as an alternative filler in asphalt mixtures to 96 

improve the performance of the wearing course in flexible pavements [23-25]. Reclaimed brick 97 

powder (BP) is also used as a stabilizer to enhance the mechanical behavior of problematic 98 

soils and few studies have been focused on the physical properties and strength properties of 99 

BP-treated soils [14; 26-27]. To the best of the authors' knowledge, there is a lack of literature 100 
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that delves into the microstructural attributes of soils treated with BP, employing methods like 101 

scanning electron microscopy (SEM) and energy-dispersive x-ray spectroscopy (EDAX) 102 

analyses. The efficacy of reclaimed brick masonry is inadequate to enhance the mechanical 103 

properties of construction materials alone up to the required limit, so, a huge amount of brick 104 

masonry is required to achieve the required outcomes from stabilization. To counter this issue, 105 

more chemically active additives like cement, lime, fly ash, bagasse ash, and alkaline activators 106 

can be used along with BP [14, 28].  107 

In this study, reclaimed brick masonry is used in the form of powder to improve the macro 108 

(physical and mechanical) properties of clayey soil along some quantity of cement, because, in 109 

regions characterized by the presence of clayey soils, often referred to as 'hidden disaster' for 110 

structures due to their subpar macro properties [29]. In literature, it is found that BP acted as a 111 

pozzolanic material [30] and a key component in its chemical composition is SiO2. 112 

Accordingly, its utilization with cement will enhance the pozzolanic competence of additives 113 

in soil because cement has a high percentage of CaO in its chemical composition. In this way, 114 

the combination of two additives can help to achieve the desired outcomes from treated clayey 115 

soils. The scope of this study is illustrated in Fig. 5. The impact of adding reclaimed brick 116 

powder (BP) and cement is assessed through physical and index properties such as consistency 117 

limits, free swell index, grain size distribution, and compaction properties. Unconfined 118 

compression tests and California bearing ratio tests are conducted on soil specimens treated 119 

with BP and cement, and with BP alone, to evaluate strength improvements. To assess the 120 

additive's efficacy on compression properties, 1D oedometer tests are performed. 121 

Microstructural tests, including scanning electron microscopy, energy-dispersive X-ray 122 

spectroscopy, and X-ray diffraction, are carried out to understand the improvement in macro 123 

properties of clayey soils.            124 
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2. Materials and methods 125 

2.1. Materials characterization 126 

2.1.1 Clayey soil 127 

The clayey soil was collected in both disturbed and undisturbed states from Chokara, situated 128 

in Karak City, Pakistan. The geological composition of this area is predominantly characterized 129 

by alluvial deposits in the Indus River plain, featuring clayey deposits with varying levels of 130 

plasticity, spanning from low to high. The comprehensive geotechnical properties of the chosen 131 

soil are depicted in Fig. 6 and Table 1.  132 

In Fig. 6a, the grain size distribution curve is illustrated, which was constructed based on the 133 

results of sieve and hydrometer analyses conducted by ASTM D7928 and D6913 standards, 134 

respectively. The analyses reveal that the selected soil consists of 48% clay, 49% silt, and 03% 135 

sand fractions. Notably, a substantial clay content, along with elevated values for both liquid 136 

limit (wL) at 56.8% and plasticity index (IP) at 33%, suggests the potential for significant soil 137 

shrinkage and swelling behavior. Consistency limits tests were carried out following the 138 

guidelines outlined in ASTM D4318. Based on the grain size distribution and consistency 139 

limits, the group symbol of soil has been categorized as CH with the group name of fat clay in 140 

accordance with the Unified Soil Classification System, following ASTM D2487. The results 141 

of standard and modified compaction test, unconfined compression test, and 1D oedometer test 142 

of selected soil were also presented in Figs. 6b, c, and d, respectively. Furthermore, x-ray 143 

fluorescence analysis was carried out to ascertain the soil's chemical composition. The analysis 144 

revealed the predominant oxides in the selected clay to be as follows: SiO2 (65.87%), Al2O3 145 

(9.71%), Fe2O3 (5.78%), and CaO (6.27%), as illustrated in Fig. 7a. 146 
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2.1.2 Additives  147 

In this study, two additives, namely reclaimed brick masonry and cement, were employed to 148 

improve the overall geotechnical performance of clayey soil. Reclaimed brick masonry was 149 

employed in the form of reclaimed brick powder (BP). According to existing literature, the size 150 

of BP grains plays a critical role in achieving the desired outcomes [19]. For this study, grains 151 

of crushed reclaimed bricks smaller than 4.75 mm that passed through sieve no. 4 were 152 

designated as reclaimed BP. Considering the assertion made by Toledo Filho et al. [31] that 153 

cement mortar incorporating finer BP results in a denser microstructure and increased 154 

compressive strength, a decision was made in this study to opt for a coarser gradation of BP. 155 

This choice was made specifically for the clayey soil, which contains silt and clay grains, to 156 

promote the development of a denser soil structure. The grain size distribution of BP is 157 

illustrated in Fig. 6a. To accomplish this, reclaimed brick masonry was subjected to crushing 158 

in a Ball mill machine after the removal of any residual cement mortar. An analysis of the 159 

chemical composition revealed that the primary oxides present in the BP were as follows: SiO2 160 

(69.63%), Al2O3 (10.89%), and Fe2O3 (9.96%), as depicted in Fig. 7b. Additionally, a small 161 

quantity of ordinary Portland cement was used alongside the BP as an additive. The primary 162 

oxides in the chemical composition of cement, predominantly CaO, are displayed in Fig. 7c. 163 

Based on the chemical composition of all three materials, it becomes evident that when mixed 164 

in the presence of water, these materials possess the proficiency to generate cementitious 165 

substances known as calcium silicate hydrate (CSH) and calcium aluminate hydrate (CAH) 166 

compounds. These compounds serve to enhance the bonding among soil grains, thereby 167 

improving the macro properties of clayey soil. 168 
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2.2. Specimen preparation and methodology 169 

2.2.1 Specimens remolding and tests matrix 170 

To prepare the treated specimens for micro and macro properties evaluation, different 171 

proportions of reclaimed brick powder (BP) were employed as an additive, which was mixed 172 

with 5% cement. This percentage of cement was decided considering the concept of strength 173 

development rate with the increment of cement content in clayey soil, and usually, the 174 

boundary of the clay-cement interaction zone (Zone II) and the inactive zone (Zone I) starts 175 

from 5% of cement content, however; its value varies for clay to clay [32-33]. In general, 5%, 176 

10%, 15%, and 20% BP were utilized in conjunction with 5% cement, nonetheless, certain 177 

unconfined compression tests were also conducted using only 5%, 10%, 15%, and 20% BP to 178 

assess BP's effectiveness in stabilizing clayey soil. The aforementioned tests were carried out 179 

on different specimens that incorporated BP and cement, and these specimens were allowed to 180 

cure for 7, 14, and 28 days. However, it's worth noting that the specific curing periods varied 181 

for each test. The test matrix for this study is provided in Table 2, and Fig. 8 illustrates the 182 

sample preparation process. For conducting ID consolidation tests, unconfined compression 183 

tests, and microstructural examinations like SEM and EDAX, the specimens were remodeled 184 

while adhering to standard compaction parameters, resulting in specimens with a height of 185 

101.6 mm and a diameter of 50.8 mm. The specimens were subsequently resized according to 186 

the specific test requirements. On the other hand, for CBR tests, the specimens were remolded 187 

using modified compaction parameters. To ensure the maintenance of the required water 188 

content for the formation of the cementitious compounds, the remolded specimens were 189 

wrapped in polythene cling sheets and placed in a desiccator for curing, following 190 

recommendations from the literature [34]. 191 

2.2.2 Testing methods 192 
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2.2.2.1 Macro properties tests 193 

The UCT assesses stress-strain behavior and undrained strength of soil specimens, adhering to 194 

ASTM D2166. This test evaluates the efficacy of treatments on clayey soils. Cylindrical 195 

specimens (50.8 mm diameter, 101.6 mm height) were used, with precise deformation 196 

measurements recorded by a high-precision displacement gauge. A consistent strain rate of 1 197 

mm/min was maintained. 198 

Unsoaked CBR tests, following ASTM D1883, assessed subgrade performance under applied 199 

loads. Specimens were remolded in 2315.5 cm³ compaction molds using modified compaction 200 

parameters and cured for 7 and 28 days. Uniform compaction was ensured by evenly 201 

distributing blows. The tests used a 5 cm diameter plunger at a 1.3 mm/min penetration rate, 202 

with CBR values determined at 0.254 cm and 0.508 cm penetration depths. 203 

Soil specimens underwent 1D consolidation tests with standard oedometers, following ASTM 204 

D2435. Specimens in 60 cm diameter, 20 mm height brass rings were saturated for 24 hours in 205 

the oedometer cell. Consolidation pressure was incrementally applied in six stages (49.94 kPa 206 

to 1598 kPa) and four unloading stages. Each stage's pressure was twice that of the previous 207 

and maintained for 24 hours. Parameters such as compression index (Cc), initial void ratio (e0), 208 

and yield stress (σy) were derived from the compression curves to evaluate soil improvement.  209 

2.2.2.2 Micro properties tests 210 

To minimize potential microstructural disruptions, small specimens (approx. 125 mm³) were 211 

sectioned using a scalpel for SEM and EDAX analyses after 28 days of curing. These 212 

specimens were air-dried to avoid fabric distortions from thermal stresses associated with oven 213 

drying. They were then placed on aluminum stubs with their surfaces facing upwards and 214 

shielded with conducting tape to prevent electrical charge accumulation. A thin gold layer was 215 

applied via ion sputter to enhance conductivity before SEM and EDAX analyses using a JEOL 216 
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JSM-IT100 with an energy-dispersive X-ray detector to determine surface composition. XRD 217 

analyses were also performed on treated and untreated specimens, transformed into a powdered 218 

form after 28 days of curing, to investigate chemical composition changes. Additionally, X-219 

ray fluorescence analyses were conducted to ascertain the oxide composition of the soil, BP, 220 

and cement. 221 

3. Test results and discussions 222 

3.1. Micro properties of treated clayey soil 223 

3.1.1 XRD analysis 224 

Fig. 9 illustrates the mineralogical deviations observed in a 10% BP cum 5% cement-treated 225 

specimen in comparison to an untreated one of the same clayey soil. The curing period for the 226 

treated specimen was set at 28 days. The XRD analysis of untreated specimen reveals quartz 227 

as the primary mineral (Fig. 9a), with key peaks present at different 2θ angles, such as 22° and 228 

26°. Meanwhile, significant alterations can be detected in the XRD pattern of the treated 229 

specimen, as shown in Fig. 9b. The increase in the height of the major peaks of quartz might 230 

be attributed to the addition of BP and cement. These additives primarily contain oxides such 231 

as CaO and SiO2 alongside Al2O3. In the XRD pattern of the treated specimen, several 232 

additional minor peaks emerged due to the formation of cementitious compounds, namely 233 

calcium aluminate hydrate (CAH) and calcium silicate hydrate (CSH). These compounds result 234 

from the reactions between CaO with SiO2 and Al2O3 in the presence of H2O. In the proposed 235 

soil improvement approach, the development of multiple compounds, including CSH and 236 

CAH, binds the grains within the soil structure, rendering them more rigid and enhancing the 237 

macro properties of clayey soil [35]. 238 
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3.1.2 EDAX analysis 239 

Analysis using an energy-dispersive X-ray spectrometer (EDAX) was conducted to identify 240 

elemental changes in specimens treated with varying percentages of BP cum 5% cement 241 

content. The treated specimens were examined after 28 days of curing and contrasted with an 242 

untreated one of the same clayey soil. The EDAX spectrums of both treated and untreated 243 

specimens showcased dominant elements such as silicon (Si), calcium (Ca), aluminum (Al), 244 

iron (Fe), and magnesium (Mg) with notable peaks and relatively higher weight percentages 245 

(Fig. 10). It is evident that as the additive increases, there is a corresponding rise in the intensity 246 

of calcium peaks. This is attributed to the presence of CaO, one of the primary oxides in the 247 

chemical composition of the clayey soil and cement used (Fig. 7) [36]. 248 

Furthermore, the EDAX spectrum analyses reveal an abrupt increase in the Ca:Si and Ca:Al 249 

ratios as the BP content reaches up to 10% alongside the 5% cement content (Fig. 10b). The 250 

presence of Ca in the soil matrix, alongside Al and Si in the existence of water, assists the 251 

potential formation of  CSH and CAH through chemical reactions among these elements [37]. 252 

Elevated levels of Ca compared to Al and Si, indicate enhanced development of cementitious 253 

compounds (CSH and CAH), as depicted in Fig. 10b. The growth in the Ca:Al and Ca:Si ratios 254 

diminished after reaching 10% BP due to the consistent percentage of cement content, as 255 

depicted in Figs. 10c and d. Based on both analyses presented in Figs. 7 and 10, it is evident 256 

that the proportion of Al in both soil and BP is lower than that of Si. Consequently, there's a 257 

likelihood that the quantity of CSH formed might exceed the formation of CAH. Additionally, 258 

the SEM images of the treated specimens confirmed the results obtained from EDAX. The 259 

formation of CSH and CAH compounds results from the hydration and pozzolanic reactions 260 

between soil, BP, and cement, leading to the creation of a relatively compact soil structure. 261 
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Additionally, these compounds contribute to improving the macro properties of treated clayey 262 

soil investigated in this study. 263 

3.1.3 SEM analysis 264 

Alterations in the microstructure of untreated specimens and those treated with BP cum cement 265 

were observed through scanning electron microscope (SEM) analysis. To enhance clarity of 266 

the microstructure in SEM images, Fig. 11 displays two SEM images for each specimen, taken 267 

at magnifications of 20μm and 50μm. 268 

The SEM image of the untreated specimen exhibited a scattered and discontinuous 269 

microstructure, characterized by numerous medium to micropores and free silt particles larger 270 

than 20 μm, as especially shown in Fig. 11a-2. Moreover, the impact of any cementitious 271 

compounds on this soil structure cannot be discerned. According to Chen et al., [38], Pores 272 

within clayey soils are categorized by their sizes, namely macro-pores (ranging from 80 to 700 273 

μm), medium pores (ranging from 2 to 80 μm), fine pores (ranging from 0.08 to 2 μm), and 274 

micropores (ranging from 0 to 0.08 μm). 275 

The SEM images of specimens treated with 10% and 15% BP in combination with 5% cement 276 

revealed interconnected soil structures devoid of free silt particles (Figs. 11b and c). The silt 277 

particles were embraced into the soil structure due to the formation of cementitious compounds. 278 

Nonetheless, some medium to micropores are still discernible within these soil structures. 279 

Even, some sand grains larger than 50 μm can also be detected in Figs. 11b and c after the 280 

addition of BP content. In this study, the pozzolanic reaction between the SiO2 and Al2O3 from 281 

BP and soil and Ca(OH)2 from cement after hydration facilitated the generation of cementitious 282 

compounds such as CSH and CAH. The formation of the same cementitious compounds also 283 

discussed by [19], due to the reaction of cement and BP in concrete. It seems that the soil 284 

structure of the 10% BP-treated specimen is denser than the 15% BP-treated specimen, due to 285 

the presence of coarser grains in the 15% BP-treated specimen. This dense structure caused 286 
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more brittleness and strength in the specimen treated with 10% BP and 5% cement as compared 287 

to other treated specimens.   288 

3.2. Macro properties of treated clayey soil  289 

3.2.1. Index properties  290 

In Fig. 12, the impact of the addition of 5% cement along different percentages of BP on grain 291 

size distribution and fractions of different grains is discussed. With an increasing percentage 292 

of BP, the sand fraction increased as compared to the silt fraction. However, some increment 293 

in silt fraction was also noted. Meanwhile, the impact of the addition of BP on the clay fraction 294 

was significant. With an increasing percentage of BP, the clay fraction decreased considerably. 295 

Because, the major grains in grain size distribution of BP and clayey soil were sand and silt 296 

and silt and clay, respectively. So, with increasing the BP content in selected soil, clay fraction 297 

decreased and sand fraction increased but the effect of 5% BP along with 5% cement on 298 

fractions of silt, sand, and even clay was almost negligible due to the finer grains of cement.   299 

The impact of varying percentages of BP along 5% cement on the liquid limit (wL) and 300 

plasticity index (IP) of clayey soil is depicted in Fig. 13a. As BP increased, both wL and IP 301 

decreased. This pattern remained prominent up to 10% BP; beyond this threshold, the 302 

alterations in these properties became negligible. Similar behavior of only BP-treated soil was 303 

also discussed by Blayi et al., [26]. Overall, there was a reduction of 32.2% in wL and 65.6% 304 

in IP, as the BP increased from 0 to 10% in soil along with 5% cement. This reaction can be 305 

ascribed to substituting clayey grains with non-plastic grains of BP. Additionally, the addition 306 

of cement results in a reduction in the adsorption of Ca2+ ions onto the surface of clay grains, 307 

thereby diminishing the repulsion between adjacent diffused double layers and promoting 308 

edge-to-face contact between successive clay layers [39]. Consequently, clay grains aggregate 309 

into larger clusters, leading to an increment in the plastic limit (wP) with a reduction in both the 310 
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wL and IP. After reaching a 10% BP content, the alteration in wL and IP almost halted. This may 311 

be due to the transition phase which came after the 10% BP content with a combination of 5% 312 

cement. On the other hand, Fig. 13b illustrates the shift in the classification of clayey soil from 313 

CH (fat clay) to ML (low plastic silt). Because, the replacement of clayey grains with non-314 

plastic coarser grains of BP results in a decrease in the repulsive forces among the soil grains, 315 

thereby encouraging grains agglomeration. 316 

The free swell index (FSI) is defined as the percentage increase in the volume of clayey soil 317 

after it swells freely in water for a set period, typically 24 hours, using a dry and pulverized 318 

soil specimen for testing. FSI serves as a vital measure for assessing the volumetric behavior 319 

of clayey soils. Hence, to evaluate the effectiveness of the varying BP content with a 320 

combination of 5% cement content in addressing this issue, FSI tests were conducted on both 321 

untreated and treated specimens. The treated specimen exhibited a notable reduction in FSI 322 

compared to the untreated one (Fig. 14). The reduction in FSI is particularly rapid up to a 10% 323 

BP content; however, the rate of reduction slows significantly beyond this point. This 324 

improvement in FSI is attributed to the substitution of non-swelling materials like BP with clay 325 

grains. A reduction of about 40% in FSI is noted, as the BP increased from 0 to 10% in soil 326 

along with 5% cement content. 327 

3.2.2. Compaction properties 328 

Fig. 15 illustrates how the compaction properties of the treated clayey soil are affected by the 329 

variation of BP content with 5% cement content. As depicted in Fig. 15a, it is observed that as 330 

the percentage of additives increased, the peak points of the compaction curves also increased. 331 

A clear reduction can be observed in the optimum water content (wopt) as the percentage of BP 332 

increased with 5% cement content, while the maximum dry unit weight (γdmax) demonstrated 333 

an opposite trend compared to wopt with the incorporation of additive (Fig. 15b). With the 334 



 15 

addition of BP ranging from 0 to 10%, the γdmax value increased by approximately 7.15%, while 335 

the wopt value decreased by 13.80%. Due to the addition of BP, a similar trend of compaction 336 

properties of clayey soils was also discussed [14, 19]. Upon reaching a 10% BP content, any 337 

further change in compaction properties effectively ceased. Due to the addition of BP in clayey 338 

soil, the non-plastic coarser BP grains replaced the clay grains which decreased the specific 339 

surface area and also reduced the need for water to lubricate the clayey grains for densification. 340 

Considering this, initially, the γdmax increased and the wopt decreased due to the addition of BP 341 

along with cement. However, at higher BP content, the excessive presence of coarser BP grains 342 

in the soil constructs a porous soil structure that insignificantly reduces the unit weight, and 343 

enhances the water-holding capacity, as discussed in section 3.1.3. Furthermore, it is well 344 

established in the literature that adding cement to clayey soil also improves the γdmax and 345 

reduces wopt due to aggregation of grains.   346 

3.2.3. Strength properties  347 

3.2.3.1 Stress-strain behavior 348 

Fig. 16a depicts a comparison of stress-strain curves of specimens treated with various 349 

percentages of BP and a specimen treated with 5% cement content, following 7 days of curing 350 

periods. Natural clayey soils generally exhibit different stress-strain behaviors, often 351 

characterized as ductile, semi-brittle, and brittle. Typically, soils treated with additives tend to 352 

display these behaviors. The slope of the stress-strain curve of the 5% cement-treated specimen 353 

before the failure point is more than the BP-treated specimens at the same curing period. 354 

Moreover, the cement-treated specimen exhibited more strain-softening behavior than the BP-355 

treated specimens. It can also be observed that the strain at failure (f) of the cement-treated 356 

specimen is less than the BP-treated specimens. It means BP-treated specimens displayed 357 

ductile behavior as compared to cement-treated specimens, and the addition of BP in cement-358 
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treated clayey soil increased the ductility. Cementation compounds are generated due to a 359 

pozzolanic reaction between the SiO2, Al2O3, and Ca(OH)2 upon the addition of cement in 360 

clayey soil, and these compounds fill the pores and make the soil structure more dense and 361 

stiff. So, clayey soil after cement treatment showed brittle behavior. On the other hand, the 362 

addition of coarser grains of BP in clayey soil generated a porous structure which enhanced the 363 

ductility. However, at the initial stage, when both BP and cement are used together to enhance 364 

the macro properties of clayey soil, the porous soil structure develops due to coarser BP grains 365 

filled with cementitious compounds generated due to the addition of cement. While, in this 366 

study, at higher percentages of BP, the 5% cement is insufficient to fill the pores. Therefore, 367 

after 10% BP content, treated specimens showed relatively less brittle behavior than the others, 368 

as illustrated in Fig. 16b. As the curing period progressed, several changes occurred: the slope 369 

of stress-strain curves before the failure point increased, the strain-softening response 370 

intensified, and εf decreased, as depicted in Fig. 16c. This is primarily due to the time-sensitive 371 

nature of the chemical reaction, particularly the pozzolanic reaction that occurred due to the 372 

addition of cement with BP in clayey soil. This chemical reaction leads to the formation of 373 

cementitious compounds, which tightly bind the soil grains, thereby reducing soil ductility 374 

while enhancing strength. 375 

3.2.3.2 unconfined compressive strength 376 

Fig. 17 discusses the impact of varying proportions of BP and cement individually, as well as 377 

their combinations, on unconfined compressive strength (qu). The curing period for BP and 378 

cement alone was set at 7 days, while specimens treated with BP cum cement content were 379 

tested considering the different curing periods, including 7, 14, and 28 days. The influence of 380 

BP on qu is almost negligible after 7 days of curing. A little increment can be noted at 10% BP 381 

just due to the increase in the γdmax because, at 10% BP, the selected clayey soil has a denser 382 
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soil structure as compared to other percentages. Further, there is no chemical reaction occurred 383 

between the BP and clayey soil to improve the strength as the SiO2 and Al2O3 are the dominant 384 

oxides in both materials. The effect of 5% cement content on qu is considerable as compared to 385 

BP, after 7 days of curing. The qu of 5% and 10% BP-treated specimens is about 200% less 386 

than the qu of 5% cement-treated specimen because there is a strong pozzolanic reaction 387 

between the oxides of cement and clayey soil which generates the CSH and CAH compounds 388 

to strengthen the soil structure. On the other hand, the addition of BP only influences the unit 389 

weight (γ) of soil.  390 

The combined effect of BP and cement on the qu is discussed in 2nd half of Fig. 17 considering 391 

the curing periods of 7, 14, and 28 days. Up to 10% BP addition in clayey soil along the cement, 392 

the qu-values increased but later, these values decreased with increment of BP content. Because 393 

at higher BP content, the soil structure of clayey soil becomes porous due to sand and silt grains 394 

of BP. Also, cement content remains the same for all percentages of BP, so, the tendency of 395 

chemical reactions between the cement, soil, and BP oxides may also be compromised at higher 396 

percentages of BP. However, the impact of BP along cement on the qu is almost insignificant. 397 

The qu-values of BP cum cement-treated specimens are very high than the only BP-treated 398 

specimens. At 10% BP content and 7 days of curing, the qu of only BP treated specimen is 399 

around 261% less than the BP cum cement treated specimen.  400 

On the other hand, there is little difference between the qu-values of the cement-treated 401 

specimen and BP cum cement-treated specimens. Since in the adopted approach of soil 402 

improvement, the addition of coarser grains of BP in clayey soil only impacts the γ of soil and 403 

this change has not a huge impact on strength properties. As compared to the untreated one, 404 

the qu-values of treated specimens are very high. It is also worth noting that as the curing period 405 



 18 

increased, the values of qu also significantly rose, as more cementitious bonds were formed 406 

over time.  407 

3.2.3.3 Failure morphology analysis   408 

Fig. 18 presents the failure morphology of untreated, cement-, and BP-treated specimens 409 

obtained from the unconfined compression test. The untreated specimen exhibited clear 410 

bulging without any failure plane, so, the value of shear failure angle () is also zero (Fig. 18a). 411 

The strain at failure (f) of this specimen is very high with a value of about 11%. Overall, the 412 

ductile failure of this specimen can be considered considering the high value of f and low value 413 

of . The 5% cement-treated specimen has a vertical failure plane of  90o, as illustrated in 414 

Fig. 18b. The f-value of this specimen is only 3.75%. This brittle failure of cement-treated 415 

specimens indicated the formation of CSH and CAH which strengthen the soil structure and 416 

make it brittle. Figs. 18c-e depicts the impact of different BP contents on failure morphology. 417 

Overall, these all specimens have inclined failure planes with different values of and f. The 418 

-values of BP-treated specimens are less than the cement-treated specimens with greater f-419 

values. Considering the  f, and failure plane mode, these specimens showed semi-brittle to 420 

brittle failure. Because the addition of BP in selected clayey soil only influences the  of the 421 

soil and after 10% BP, the presence of a large quantity of coarser BP grains in soil structure 422 

reduces the  which causes to decrease the and increase the f (Fig. 18e).  423 

Fig. 19 presents the failure morphology of specimens treated with different percentages of BP 424 

and 5% cement content. It can be detected that with increasing the BP content, the -values 425 

decreased while the f-values increased. Moreover, the transition of failure planes can also be 426 

observed from vertical to inclined with increasing the BP content. Because excessive presence 427 

of coarser grains (sand and silt) in soil structure of clayey soil makes it more porous and also 428 
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decreases the brittleness generated due to the addition of cement in this study. So, the failure 429 

mode is semi-brittle to brittle at 15% and 20% BP contents. The impact of curing on failure 430 

morphology of 5% BP cum 5% cement-treated specimens is discussed in Fig. 20. Effect of the 431 

curing period is clear on the failure plans and the -value. With increasing the curing from 7 432 

to 28 days, the -value changed from around 60o to 90o, and failure planes transited to vertical 433 

form inclined due to the growth of CAH and CSH compounds. 434 

3.2.3.4 Subgrade strength  435 

California bearing ratio (CBR) tests are conducted to assess the effectiveness of treated soil as 436 

subgrade material, and specimens are subjected to curing periods of 7 and 28 days to investigate 437 

the influence of additives on soil structure. In Fig. 21a, stress-penetration curves for untreated 438 

and BP cum cement-treated specimens are depicted, considering different curing times and 439 

additive contents. In all tested specimens, stress increases linearly with penetration. However, 440 

the stress value of treated specimens exceeds that of untreated ones for equivalent penetration 441 

values, until reaching 10% BP, after which this trend reversed. 442 

Fig. 21b presents a comparison of the CBR values between untreated and treated specimens, 443 

considering variations in curing period and additive content. A well-defined increase in the 444 

CBR values is evident following the addition of BP along cement after 7 and 28 days of curing 445 

periods. Specifically, the CBR value of the treated specimen showed an approximately 260% 446 

upsurge compared to the untreated specimen, attributed to the inclusion of 10% BP and 5% 447 

cement as additives. After 10% BP, a major reduction in CBR values is noticed due to the 448 

reduction in the  caused by the presence of a large amount of coarser grains of BP in soil 449 

structure. Furthermore, the influence of curing on the CBR values of treated specimens is 450 

noticeable. With the curing period increasing from 7 to 28 days, a distinct improvement of 451 
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around 9% in CBR values is observed, attributed to the development of cementitious 452 

compounds in the form of CAH and CSH. 453 

3.2.4. Compression properties 454 

The 1D consolidation tests were conducted on both treated and untreated specimens to inspect 455 

compression behavior, focusing on the initial void ratio (e0), yield stress (σy), and compression 456 

index (Cc) [40]. All treated specimens underwent testing after 28 days of the curing period, 457 

without considering the influence of curing on compression properties. A comparison of 458 

compression curves (e-logσv
 relationships) is depicted in Fig. 22a. In treated specimens, there 459 

is a small reduction observed in the void ratio in the pre-yield curve compared to untreated one 460 

(refer to Fig. 6d), attributable to the formation of cementitious compounds. However, a rapid 461 

decrease in the void ratio is noticeable in the post-yield curve due to the fracture of cementitious 462 

bonds under higher σv. 463 

Figs. 22b and c illustrate the trends in e0, σy, and Cc of various percentages of BP cum 5% 464 

cement-treated specimens. The e0 and Cc exhibited an increase and the σy displayed a decrease 465 

of up to 10% BP, attributed to the introduction of densification due to BP and cementitious and 466 

reinforcing compounds into the soil structure, within acceptable limits. The continued 467 

enhancement in e0, after 10% BP, is attributed to the surplus BP content, which impeded 468 

densification and led to the production of porous soil structure. The impact of this excess BP 469 

is relatively minor on Cc compared to σy, while σy displayed contrasting behavior after 10% BP. 470 

This change is attributed to void growth and a decrease in the . 471 

4. Environmental and field implications  472 

A significant allocation of resources is essential for implementing sustainable waste 473 

management strategies for CDW, posing a concerning challenge, particularly in developing 474 
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nations. The generation of CDW is associated with numerous environmental and social issues, 475 

including a) squandering of resources encompassing labor, materials, and energy; b) aesthetic 476 

repercussions in case of mismanagement; c) health hazards for handlers; d) costs associated 477 

with the disposal of CDW; e) requirement for landfill space; f) pollution from hazardous 478 

materials: g) energy consumption in the management of CDW; h) climate change through 479 

greenhouse gas emissions. However, extensive research efforts are underway to address these 480 

challenges in sustainable ways. The prevalent method in modern construction involves 481 

recycling and repurposing CDW for the development of new infrastructure. CDW finds 482 

effective application across various infrastructure projects, serving as subbase and base 483 

materials, fill material, and replacing aggregates in both asphalt and concrete, among other uses 484 

[42-44].  485 

Overall, CDW generation exceeds 3 billion tons around the world [45], and reclaimed brick 486 

masonry constitutes a substantial proportion of CDW, comprising around 31% of the total 487 

CDW [46].  So, a considerable quantity of reclaimed brick masonry is present within the CDW 488 

stream, suitable for utilization in construction projects. To implement this study in the field, it 489 

is crucial to assess the demand for reclaimed brick masonry based on the needs of the proposed 490 

soil improvement approach. To estimate the waste material required for soil improvement in a 491 

civil engineering project, the following Equation can be used as per [47-48]. 492 

At          493 

where  is the amount of waste needed for soil improvement, γ is the unit weight of soil, A and 494 

t are the area and thickness of the soil, respectively and η is the optimized percentage of waste. 495 

The optimal macro properties of the treated clayey soil are attained with a 10% BP content in 496 

the proposed soil improvement approach. Taking this into account, for a two-lane road 497 

spanning 1 km, with a treated subgrade 0.5 m thick and 7 m wide, around 630 tons of BP would 498 
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be necessary. Similarly, for a foundation covering an area of 150 m2 with a treated subgrade 499 

layer 1 m thick, only 27 tons of BP would suffice (Fig. 23). Therefore, the availability of 500 

reclaimed brick masonry poses no obstacle to the implementation of the proposed soil 501 

improvement approach. A significant quantity of required CDW is accessible, and the proposed 502 

method shows promising potential in diverting a considerable amount of CDW away from 503 

landfills. Moreover, under field conditions, expansive clays necessitate a considerable quantity 504 

of cement (≥ 15%) [49]. However, the current study demonstrates that a mere 5% cement, when 505 

combined with waste BP, proves adequate for soil stabilization. This demonstrates a substantial 506 

reduction in cement requirement which is traditionally the major and most convenient soil 507 

stabilizer due to logistical challenges associated with non-traditional cementing additives [50]. 508 

Consequently, the study proposes a practical approach to minimize cement usage in projects, 509 

addressing the current abundant usage of cement as the primary stabilizer. Thus, this study 510 

addresses waste management issues associated with CDW, contributing to waste recycling, 511 

pollution control, and sustainable industrial practices [51-52]. Additionally, it offers a practical 512 

approach to reducing cement demand for soil stabilization, thereby lowering the carbon 513 

footprint and mitigating global warming and other ecological issues [53]. 514 

5. Conclusions 515 

This study introduces and assesses an approach to managing reclaimed brick masonry by 516 

combining it in the form of powder with cement to effectively improve the micro and macro 517 

properties of clayey soil. Through comprehensive macro and micro testing, this study yields 518 

the following key findings. 519 

 For micro evaluation, XRF, XRD, EDAX, and SEM analyses were conducted, 520 

confirming the formation of cementitious compounds like CAH and CSH through 521 

reactions between CaO with SiO2 and Al2O3 in the presence of H2O. These compounds 522 
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bonded grains together and filled pores in the soil structure, improving macro 523 

properties. SEM analysis also revealed that the soil structure of the 10% BP and 5% 524 

cement-treated specimen was denser compared to the 15% BP and 5% cement-treated 525 

specimen due to the excessive presence of coarser grains. 526 

 As BP increased along the 5% cement content, physical and index properties like wopt, 527 

FSI, wL, and IP decreased, and the γdmax increased.  This pattern remained prominent up 528 

to 10% BP; beyond this threshold, the alterations in these properties became negligible 529 

or less. Overall, there is a reduction of about 32.2% in wL, 65.6% in IP, 40% in FSA, 530 

and 13.80% in wopt and an increment of around 7.15% in the γdmax as the BP increased 531 

from 0 to 10% in soil.  532 

 The amelioration in the aforementioned properties is attributed to replacing clayey 533 

grains with non-plastic coarser BP grains which reduced the specific surface area and 534 

water lubrication needs for densification. Additionally, cement addition decreased Ca2+ 535 

ion adsorption on clay grain surfaces, decreasing repulsion between diffused double 536 

layers and promoting edge-to-face contact among clay layers, resulting in larger 537 

clusters and improved properties. However, beyond 10% BP content, excessive coarse 538 

BP grains created a porous soil structure, causing a reduction in unit weight and 539 

enhancement in water-holding capacity. 540 

 The addition of BP in clayey soil has a lesser impact on qu compared to cement. After 541 

7 days of curing, the qu of the 10% BP-treated specimen is about 200% lower than that 542 

of the 5% cement-treated specimen, as cement formed CSH and CAH compounds to 543 

strengthen the soil. However, BP primarily affects the soil's γ. Initially, up to 10% BP 544 

and 5% cement, qu-values increased, but beyond this, they decreased due to the porous 545 

structure formed by higher BP content. Additionally, since cement content remains 546 
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constant for all BP percentages, chemical reaction tendencies may also be 547 

compromised. 548 

 Failure morphology analysis revealed that cement-treated specimens exhibited a more 549 

brittle behavior than BP-treated specimens due to CAH and CSH compound generation, 550 

indicated by higher α-values and lower εf-values. Additionally, in BP cum 5% cement-551 

treated specimens, as BP content increased, failure planes shifted from vertical to 552 

inclined, α-values decreased, and εf-values increased due to excessive coarse BP grains 553 

creating a more porous soil structure and reducing brittleness. 554 

 The treated specimen exhibited a significant 260% increase in CBR value than the 555 

untreated one, ascribed to 10% BP and 5% cement inclusion. However, CBR values 556 

notably decreased after 10% BP due to a reduction in γ. Additionally, around 9% 557 

improvement in CBR values is observed with the increase in the curing period from 7 558 

to 28 days, attributed to the development of cementitious compounds with time. 559 

 The addition of various percentages of BP with 5% cement resulted in an increase in e0 560 

and Cc, and a decrease in σy up to 10% BP. Continued enhancement in e0 after 10% BP 561 

is attributed to surplus BP content hindering densification. The impact of this excess 562 

BP is relatively minor on Cc compared to σy, which exhibits contrasting behavior after 563 

10% BP due to a decrease in γ. 564 
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Fig. 1. CDW generation in populated countries (modified after Hoang et al. [4]; Haider et al. [5]; 

Pereira and Vieira [6]; Swarna et al. [7]) 
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Fig. 2. Infrastructure damages during floods in 2010 and 2022 and earthquake in 2005 in Pakistan 

(modified after ADB [8]) 
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Fig. 3. (a) Annual CDW generation in EU; (b) Recovery of CDW in EU (modified after EEA [9]) 
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Fig. 4. Composition of CDW (modified after Mohammaddinia et al. [46]) 
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Fig. 5. Diagrammatical illustration of the scope of this study  

 

 

 

 

 

 

 

 

 

 
 
 
 
 



  

 
Fig. 6. Geotechnical characteristics of untreated specimen (a) grain size distribution curves; (b) 

compaction curves; (c) stress-strain curve; (d) compression curve  
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Fig. 7. Oxides composition of (a) natural soil; (b) brick powder; (c) cement  
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Fig. 8. Specimens preparation approach  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 
Fig. 9. XRD analyses of (a) untreated soil; (b) 5% cement+10% BP after 28 days of curing  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 



 
 

 
 
Fig. 10. EDAX analyses of 5% cement treated specimens at 28 days curing (a) untreated soil; (b) 10% BP; 

(c) 15% BP; (d) 20% BP 

 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 



 

 
Fig. 11. SEM images of 5% cement treated specimens at 28 days curing (a) untreated soil; (b) 10% BP; (c) 

15% BP 

 
  

(a-1) 

Free silt 

particles 

(a-2) 

Soil structure with pores  Free silt 

particles 

Sand particle>50m 

(b-1) 

C-S-H/C-A-H 

material 

(b-2) 

C-S-H/C-A-H 

material 

pores  

Sand particle>50m 

(c-1) 

C-S-H/C-A-H 

material 

C-S-H/C-A-H 

material 

Soil structure 

with pores  

(c-2) 

pores  

Silt particle>20m 



  

Fig. 12. Effect of cement and BP on (a) grain size distribution curves; (b) effect of BP on grains fraction 
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Fig. 13. Effect of cement and BP on (a) consistency limits; (b) wL vs. IP 
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Fig. 14. Effect of cement and BP on FSI 
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Fig. 15. Effect of cement and BP on (a) compaction curves; (b) dmax and wopt 
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Fig. 16. Stress-strain curves of (a) cement and BP treated specimens; (b) effect of 5% cement+BP; 

(b) effect of curing 
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Fig. 17. Comparison of qu of treated and untreated specimens  
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Fig. 18. Specimens failure morphology of (a) untreated; (b) 5% cement; (c) 5% BP; (d) 10% BP; (e) 20% 

BP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Fig. 19. Failure morphology of specimens treated with 5% cement and (a) 5% BP; (b) 10% BP; (c) 15% 

BP; (d) 20% BP, after 28 days of curing 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Fig. 20. Failure morphology of specimens treated with 5% cement and 5% BP (a) 7 days; (b) 14 days; (c) 

28 days 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 
 
 
 
 
 
 



 

  
Fig. 21. CBR results (a) penetration vs  curves; (b) effect of GFA and mellowing time; (c) effect of 

curing 
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Fig. 22. Effect of cement and BP on (a) compression parameters (b) y and e0; (b) Cc, after 28 days of 

curing 
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Fig. 23. CDW estimation for proposed soil improvement approach 
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Table 1. Geotechnical properties of selected soil 

Properties Soil 

Natural moisture content, wn (%) 9.7 

Specific gravity, Gs 2.71 

Clay fraction (%) 48% 

Silt fraction (%) 49% 

Sand fraction (%) 3% 

Liquid limit, wL (%) 56.8 

Plasticity Index, IP (%) 33% 

Maximum dry unit weight, γdmax (kN/m3) 16.50 

Optimum moisture content, wopt (%) 18.07 

Unsoaked California bearing ratio value 

(CBR-value) 
7.79 

Compression index, Cc 0.35 

Initial void ratio, e0 0.905 

Yield stress, y (kPa) 100 

USCS Classification CH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table



Table 2. Test matrix of this study 

Analyses Tests Additives Curing (days) 

Micro properties 

Chemical composition Untreated, cement, brick powder 
- 

X-ray Diffraction analysis Untreated, 5% cement cum 10%BP 

Scanning electron microscopy 
Untreated, 5% cement cum 10% BP, 15% 

BP, 20% BP 
28 Energy-dispersive X-ray 

spectroscopy 

Macro properties 

Sieve analysis and hydrometer 

analysis 

Untreated, 5% cement cum 5%BP, 10% 

BP, 15% BP, 20% BP 

- 

Consistency limits test - 

Free swell index test - 

Standard compaction test - 

California bearing ratio test  28 

1D oedometer test 28 

Unconfined compression test 

Untreated, 5% cement cum 5%BP, 10% 

BP, 15% BP, 20% BP 
7, 14, 28 

5% cement, 5%BP, 10% BP, 15% BP, 20% 

BP 
7 

 

 

 

 

 

 

 

 

 

 

 

 


