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Abstract 

This study investigates the effects of boric acid remediation on the 
geotechnical and strength properties of sandy soils contaminated with 
copper sulphate (CuSO₄). Boric acid was selected as the remediation agent 
due to its low cost, wide availability, and known chemical affinity for 
immobilizing heavy metal ions through borate complexation; in this 
context, remediation refers to the in-situ immobilization of copper ions 
rather than their physical removal. Experimental analyses evaluated 
specific gravity (Gs), fine content (FC), liquid limit (LL), optimum moisture 
content (OMC), maximum dry unit weight (MDU), and internal friction 
angle (ϕ). Increasing boric acid content led to a systematic decrease in Gs 
and MDU (up to ~6%), attributed to the low density of boric acid and its 
influence on soil–metal interactions. At a given CuSO₄ concentration, LL 
and OMC increased with boric acid content, whereas increasing CuSO₄ 
concentration itself suppressed LL, reflecting opposing effects of 
contamination and remediation on soil plasticity. FC decreased by up to 
~88% with increasing boric acid content, indicating enhanced particle 
aggregation. Internal friction angle decreased by up to ~42% (from 35.6° to 
20.8°) with both increasing heavy metal concentration and boric acid 
addition, consistent with the SEM and FTIR observations. The findings 
demonstrate that boric acid immobilizes heavy metal contaminants but 
simultaneously reduces soil shear strength, revealing an important trade-
off between environmental and geotechnical performance that should be 
considered in practical remediation applications

 

1. Introduction  

In recent decades, heavy metal contamination in soils has increased due to rapid urbanization 
and industrial growth (Coruh et al., 2013). Soils exposed to heavy metal contamination are a 
critical concern in terms of both environmental sustainability and geotechnical engineering 
parameters, as they pose long-term risks to natural systems and civil infrastructure safety 
(Zhao et al., 2023). The most common heavy metals causing contamination are lead, cadmium, 
zinc, copper, mercury, chromium, and arsenic. Of these pollutants, copper (Cu) is particularly 
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important due to its widespread industrial use, high mobility under certain environmental 
conditions, and persistence in the soil matrix (Ma et al., 1997; Rashid et al., 2023).  

Copper accumulation in soils not only threatens ecological balance but can also cause 
significant deterioration in the physical and mechanical properties of soils, jeopardizing their 
engineering performance (Khalid et al., 2017). Studies in the literature have shown that heavy 
metal pollution leads to significant changes in fundamental geotechnical parameters such as 
consistency limits, grain size distribution, and permeability, as well as in key strength 
properties such as compressibility, shear strength, and bearing capacity. These effects are 
particularly critical in clayey and sandy soils, which are highly sensitive to physicochemical 
interactions and are often used as base materials for engineering structures (Moghal et al., 
2020; Kamal et al., 2021). In copper-contaminated soils, soil–water interactions change 
significantly because of mineralogical transformations and chemical reactions between metal 
ions and soil minerals. These changes directly affect the compaction properties and optimum 
moisture content of soil, creating significant challenges in construction and soil improvement 
processes (Karkush et al., 2013; George et al., 2015). Consequently, a comprehensive 
investigation of the effects of copper pollution on soil properties is essential for the 
development of reliable engineering designs and effective environmental management 
strategies. Zhao et al. (2023) examined the effects of pollutants from different sources 
(industrial, agricultural, and domestic) on the geotechnical properties of soils within the scope 
of a comprehensive literature review. The study considered different soil types and numerous 
pollutants (heavy metals, hydrocarbons, acidic/alkaline solutions, etc.); changes in parameters 
such as permeability, shear strength, and compressibility were evaluated. The reviewed 
studies showed that soil properties can either increase or decrease depending on the type, 
concentration, and exposure time of the pollutants. It was emphasized that these changes may 
pose serious risks in terms of foundation bearing capacity and long-term structural safety. 
Accordingly, the authors suggested that contaminated soils should be evaluated based on the 
source of contamination and treated with appropriate remediation strategies before being 
used in engineering projects. Several studies have documented that heavy metal pollution 
alters key geotechnical parameters such as consistency limits, grain size distribution, 
permeability, compressibility, and shear strength, particularly in clayey and sandy soils 
(Moghal et al., 2020; Kamal et al., 2021; Zhao et al., 2023). Karkush et al. (2013), Karkush and 
Ali (2020), and Ali and Karkush (2019) investigated high-plasticity clay soils synthetically 
contaminated with copper sulphate and consistently reported increased plasticity, void ratio, 
and compressibility alongside decreased cohesion, consolidation coefficient, and shear 
strength parameters (c and ϕ) with increasing contaminant concentration. Similarly, 
Nartowska (2019) showed that copper and zinc ions reduce the specific surface area and 
montmorillonite content of bentonites while increasing permeability. Collectively, these 
studies confirm that copper contamination negatively affects the geotechnical performance of 
clayey and sandy soils and that such soils generally require improvement prior to engineering 
use. In addition, remediation of soils contaminated with copper using different acids is a 
common practice. Acid remediation is carried out to remove heavy metal contamination from 
soil. However, the geotechnical effects of soils exposed to heavy metal contamination and 
subsequently remediated with acid have not been extensively investigated in the literature. 
From an environmental perspective, the changes in geotechnical properties of soils 
contaminated with heavy metals after remediation remain an important issue. 

However, most existing studies have focused either on the direct effects of contamination on 
clay soils or on contaminant removal efficiency, with comparatively little attention paid to the 
post-remediation engineering behavior of contaminated sandy soils. Boric acid was selected 
as the remediation agent in this study due to its relatively low cost, wide availability, and well-
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documented chemical affinity for forming borate complexes with metal ions, offering an 
environmentally safer alternative to strong mineral acids typically used in soil remediation 
(Xia et al., 2017; Zheng et al., 2022). 

In this study, the changes in the geotechnical properties of sandy soil, previously contaminated 
with copper sulphate in the study by Küçük et al. (2026), after boric acid remediation were 
investigated. Although boric acid remediation is a known and effective method for heavy 
metal removal in the literature, studies addressing the changes in geotechnical and strength 
properties after remediation are quite limited. Boric acid treatment is considered as an 
immobilization-based remediation technique, where the objective is to reduce the mobility and 
activity of heavy metal ions within the soil matrix rather than physically removing the 
contaminants from the soil. In the experimental phase of the study, sandy soil previously 
contaminated with 1000, 2000, and 5000 ppm copper sulphate, and whose geotechnical and 
strength parameters were determined (Küçük et al., 2026), was remediated with boric acid at 
ratios of 0.1%, 0.2%, and 0.4% (by dry soil weight). Subsequently, sieve analysis, specific 
gravity, consistency limits, standard Proctor compaction, pH, and direct shear tests were 
performed on the obtained samples. In addition, FTIR and SEM analyses were conducted to 
determine changes in the chemical composition of the samples and to investigate the reasons 
for the observed changes in geotechnical properties. As a result of the experiments, the 
geotechnical and strength properties of clean sand, contaminated sand, and contaminated and 
remediated sand were compared, and the effects of boric acid remediation on these properties 
of sandy soils were examined in detail. 

2. Materials and Method 

The contaminated soil samples used in this study were prepared in previous study (Küçük et 
al., 2026). Briefly, oven-dried sandy soil was contaminated by mixing predetermined 
concentrations (1000, 2000, and 5000 ppm) of CuSO₄ solution with the soil at the corresponding 
optimum moisture content. The contaminated samples were sealed and cured for 30 days 
under laboratory conditions to ensure sufficient interaction between the copper ions and the 
soil particles. After curing, the samples were oven-dried, lightly pulverized, and used for the 
subsequent boric acid treatment. Boric acid was then added in powder form at proportions of 
0.1%, 0.2%, and 0.4% by dry soil weight, followed by mechanical mixing and a 24-hour 
conditioning period prior to testing. No washing procedure was applied before boric acid 
addition; therefore, the soluble copper salts remained within the soil matrix, allowing the 
investigation of the geotechnical behavior of the contaminated-remediated soil system. 

The sandy soil used in the experiments is crushed sand, which is commonly used in 
construction projects. Prior to the experimental studies, the soil was oven-dried at 105 °C for 
24 hours and lightly crushed to prevent aggregation of the grains. Throughout the 
experimental program, all samples were prepared using sand from the same source to 
eliminate uncertainties that might arise from material variability. The physical appearance of 
the sandy soil used in the experiments is presented in Figure 1. 

The heavy metal pollutant used in the study, copper sulphate, is a salt of copper formed from 
sulphuric acid in its +2 oxidation state (Figure 2). It is a crystalline, odorless, blue powder that 
readily absorbs water. Due to its strong caustic and hygroscopic properties, copper (II) 
sulphate is classified as an extremely dangerous, toxic, and non-biodegradable substance. The 
use of this salt requires special precautions. Any leakage of copper sulphate solution or 
uncontrolled spillage of its dust may cause environmental pollution. It is used in the 
agricultural sector as a fertilizer because it inhibits harmful microorganisms, acting as a 
fungicide and in its derivatives; in the mining sector as a reagent because it enables the 
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separation of minerals such as zinc, silver, and lead; and in the feed industry in the preparation 
of mineral premixes that support the proper nutrition of farm animals and poultry. Due to  

 
Figure 1. Physical appearance of sandy soil 

 

these areas of use, copper sulphate can mix with soil and groundwater, leading to 
environmental pollution. Since Türkiye is located within the porphyritic copper belt extending 
from Yugoslavia to Iran, it is in a very rich position in terms of mineral deposits. There are 
many copper mining operations, especially in the Eastern Black Sea region. A study by 
Ozseker et al. (2014) indicated that the amount of copper found in sediments in the Eastern 
Black Sea coastal region exceeded the permitted limits. Therefore, investigating copper 
pollution is also an important issue for our country. 

 

 
Figure 2. Physical appearance of copper sulphate 

 

Boric acid (H₃BO₃) has been used as a remediation agent in soil samples contaminated with 
heavy metals. Although boric acid has been reported in the literature as an auxiliary chemical 
or process improver for heavy metal removal, in this study it was considered as an additive 
incorporated directly into the soil matrix in powder form (Xia et al., 2017; Zheng et al., 2022). 
For each contamination level (1000, 2000, and 5000 ppm CuSO₄), boric acid was added to the 
samples at rates of 0.1%, 0.2%, and 0.4% of the dry weight of the soil. The reason for selecting 
these rates was to enable the investigation of the gradual effects of boric acid addition on soil 
behavior, starting from low concentrations. During the addition process, the calculated 
amount of boric acid was added to the pre-dried and weighed soil samples and mechanically 
mixed to ensure homogeneous distribution within the soil matrix. After the addition of boric 
acid, the samples were allowed to rest for 24 hours prior to testing to provide suitable 
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conditions for chemical interactions to occur. The physical appearance of the boric acid used 
in this study is presented in Figure 3. 

 
Figure 3. Physical appearance of boric acid 

 

To evaluate the effects of boric acid remediation on the geotechnical properties of soils 
contaminated with heavy metals, a comprehensive experimental program was conducted on 
samples treated with boric acid. In the study conducted by Küçük et al. (2026), the same 
samples were contaminated with copper sulphate but without any remediation. The results 
obtained in this study were compared with those reported by Küçük et al. (2026). 

The grain size distributions of the soil samples were determined by the sieve analysis method 
in accordance with ASTM D6913. To evaluate the potential effects of boric acid remediation 
on grain size distribution, separate sieve analyses were performed for all samples before and 
after boric acid addition. Specific gravity values were measured using the pycnometer method 
in accordance with ASTM D7928. To examine variations related to the additive content, the 
tests were repeated for each boric acid dosage. 

Consistency limits were also determined to evaluate the effects of boric acid addition on soil–
water interactions. Although liquid limit values for crushed sand are generally low, this test 
was included in the experimental program considering that chemical additives may lead to 
fine fraction formation or alter water retention behavior. Since the Casagrande method, 
specified in ASTM D4318, is primarily applicable to cohesive soils, the fall cone method 
described in BS 1377-1 was used to determine the liquid limit values. Although the tested 
material was classified as sandy soil, it contained approximately 7.5% of naturally occurring 
fine particles passing the No. 200 (0.075 mm) sieve. Consequently, the liquid limit test was 
performed to evaluate changes in the behavior of this fine fraction following contamination 
and boric acid treatment. The measured liquid limit values therefore represent the response of 
the existing fines rather than an artifact associated with the testing procedure. 

Standard Proctor compaction tests were conducted in accordance with ASTM D698 to 
determine the compaction characteristics of the soils. The maximum dry unit weight (MDU) 
and optimum moisture content (OMC) were determined for each sample.  

Direct shear tests were performed to determine the shear strength parameters of the soils in 
accordance with ASTM D3080. The experiments were conducted under different normal stress 
levels (49, 98, and 196 kPa). Tests were performed using square specimens measuring 60 mm 
× 60 mm with a specimen height of 20 mm. All specimens were compacted to their respective 
maximum dry unit weight at the corresponding optimum moisture content. Peak shear 
strength values obtained under drained conditions were used to determine the internal friction 
angle (ϕ). Since sandy soils have high permeability, excessive pore water pressure generation 
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during shearing is not expected; therefore, the tests were conducted at a shear rate of 0.5 
mm/min. 

The morphologies of the powder specimens were examined using scanning electron 
microscopy (SEM) (Zeiss), and the organic bond structures were characterized by Fourier-
transform infrared spectroscopy (FTIR) (Thermo Scientific). Prior to SEM observation, the 
specimens were oven-dried and coated with a thin conductive gold layer to minimize charging 
effects. SEM images were acquired at an accelerating voltage of 15 kV under a magnification 
of 500 and 2000k. FTIR spectra were recorded in the range of 400–4000 cm⁻¹ by averaging 32 
scans with a spectral resolution of 4 cm⁻¹. To investigate the microstructural and chemical 
changes induced by contamination and subsequent remediation, a total of three representative 
specimens were selected for SEM and FTIR analyses. These included: (i) clean sand (CS), (ii) 
sand contaminated with 5000 ppm copper sulphate (CS5000), and (iii) sand contaminated with 
5000 ppm copper sulphate and subsequently treated with 0.4% boric acid by dry weight of soil 
(CS5000Cu.4Bo). The selection of these specimens was based on representing the extreme 
conditions of the experimental program, where 5000 ppm corresponds to the highest 
contamination level and 0.4% boric acid represents the maximum remediation dosage. This 
approach allowed for a clear comparison of the microstructural alterations caused by heavy 
metal contamination and the potential recovery or modification of soil structure after boric 
acid treatment. 

The names of all samples tested in the experiments, along with their pollutant and remediation 
agent ratios, are summarized in Table 1. 

 

Table 1. Sample naming, pollutant, and remediation agent ratios   

Naming Study Pollutant type 
Pollutant 
ratio (ppm) 

Remediation 
agent ratio (%) 

CS Küçük et al. (2026) - - - 

CS1000Cu Küçük et al. (2026) Copper sulphate 1000 - 

CS2000Cu Küçük et al. (2026) Copper sulphate 2000 - 

CS5000Cu Küçük et al. (2026) Copper sulphate 5000 - 

CS1000Cu0.1Bo Current study Copper sulphate 1000 0.1 

CS2000Cu0.1Bo Current study Copper sulphate 2000 0.1 

CS5000Cu0.1Bo Current study Copper sulphate 5000 0.1 

CS1000Cu0.2Bo Current study Copper sulphate 1000 0.2 

CS2000Cu0.2Bo Current study Copper sulphate 2000 0.2 

CS5000Cu0.2Bo Current study Copper sulphate 5000 0.2 

CS1000Cu0.4Bo Current study Copper sulphate 1000 0.4 

CS2000Cu0.4Bo Current study Copper sulphate 2000 0.4 

CS5000Cu0.4Bo Current study Copper sulphate 5000 0.4 

3. Results and Discussions 

This section examines the experimental results of the geotechnical and strength properties of 
sandy soil contaminated with copper sulphate after boric acid remediation. The experimental 
results of only the contaminated (unremediated) samples shown in the graphs in this section 
are taken from the study by Küçük et al. (2026). 
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The specific gravities (Gs) and fine grain contents (FC) obtained from the experiments are 
presented in Figure 4. It is noteworthy that the specific gravity values are ordered as 0Bo > 
0.1Bo > 0.2Bo > 0.4Bo. This is explained by the fact that boric acid alters the behavior of metal 
ions in the soil system. Boric acid can form borate species in solutions and enter complex 
reactions with metal ions, which can affect the adsorption of metal ions onto the soil surface 
(Goldberg and Suarez, 2016). Furthermore, the relatively low density of boric acid may have 
caused a slight decrease in the average specific gravity of the soil–additive mixture. These 
results indicate that boric acid can partially modify the physical changes that occur under 
metal contamination. 

When the fine grain content (FC) results are examined, it is observed that the fine particle ratio 
generally decreases as the boric acid content increases. This is related to boric acid interacting 
with metal ions to form bridging bonds between soil particles and increasing particle 
aggregation. Several studies have reported that heavy metal ions and chemical additives 
enhance flocculation and aggregation behavior in soil systems, and consequently, the fine 
fraction is effectively reduced (Zhang et al., 2024; Li et al., 2023). Furthermore, the fact that 
boric acid alters the chemical equilibrium in the soil solution, affecting the distribution of metal 
ions on soil surfaces, may have contributed to this behavior (Bolaños et al., 2017). 
Consequently, the addition of boric acid may have altered the particle interactions occurring 
under CuSO₄ contamination, leading to the formation of coarser aggregates in the soil system 
and a consequent decrease in the proportion of fine grains.  

 

 
Figure 4. Variation of (a) specific gravity and (b) fine grain ratio of sandy soil under CuSO₄ 

concentration and different boric acid contents 

 

The compaction properties obtained from the experiments are presented in Figure 5. When the 
effect of boric acid content is examined, it is observed that the MDU values at the same CuSO₄ 
concentration are generally ranked as 0Bo > 0.1Bo > 0.2Bo > 0.4Bo. This decrease in maximum 
dry unit weight values with increasing boric acid addition is explained by boric acid altering 
the behavior of metal ions in the soil system and modifying the physical properties of the 
mixture. Boric acid can affect the interaction of metal ions with soil surfaces by forming borate 
species in solution, which can lead to changes in the structure formed by soil particles during 
compaction (Keren and Bingham, 1985). In addition, the relatively low density of boric acid 
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may have contributed to a slight decrease in the maximum dry unit weight values of the 
mixture. Such decreases have been associated with the effects of additives on density and 
particle arrangement and have also been reported in the literature. 

When the optimum water content (OMC) results are examined, it is observed that the OMC 
values increase as the boric acid content increases. This is explained by the fact that boric acid 
alters the chemical interactions in the soil–water system and affects the properties of the water 
layer surrounding the soil grains. The interaction of boric acid with metal ions may change the 
chemical structure of the soil solution, leading to a higher water content requirement to 
achieve maximum density during compaction. In addition, the effect of boric acid on 
aggregation behavior in the soil system and the resulting changes in pore structure may also 
have contributed to the increase in OMC values. 

 

 
Figure 5. Variation of (a) maximum dry unit weight and (b) optimum water content of sandy 

soil under CuSO₄ concentration and different boric acid contents 

 

The liquid limit and internal friction angle values obtained from the experiments are presented 
in Figure 6. When the effect of boric acid addition on the liquid limit is examined, it is observed 
that at a given CuSO₄ concentration, LL values generally increase with increasing boric acid 
content, due to increased water affinity around the boric acid–modified particle surfaces. In 
contrast, when the CuSO₄ concentration itself increases, LL values decrease (Figure 6a), 
indicating that heavy metal contamination and boric acid remediation exert opposing effects 
on soil plasticity: copper contamination tends to suppress the liquid limit, while boric acid 
treatment tends to raise it at each contamination level. Boric acid can alter the interaction of 
metal ions with soil surfaces by forming borate species in solution, which can affect the 
properties of the water layer surrounding soil particles (Ali et al., 2022). In addition, boric acid 
addition may modify particle aggregation behavior by altering the chemical equilibrium in the 
soil–water system, and consequently, an increase in plasticity properties are observed. Various 
studies have reported that heavy metal ions and chemical additives cause significant changes 
in the Atterberg limits of soils, particularly an increase in the liquid limit (Abdelrahman et al., 
2020; Amiri et al., 2022). This indicates that boric acid can modify soil plasticity properties to 
a certain extent under heavy metal contamination. 
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When the internal friction angle (ϕ) results are examined, it is observed that the internal 
friction angle values tend to decrease as the boric acid content increases. This is related to boric 
acid altering soil–metal ion interactions, thereby affecting the effective contact conditions 
between particles. The chemical interactions and particle aggregation caused by boric acid 
may have altered the frictional mechanism between soil grains, leading to a slight decrease in 
shear strength parameters. However, although boric acid may contribute to the 
immobilization of contaminants by binding metal ions, it is known that these chemical 
interactions can have different effects on the mechanical properties of soils. 

 
Figure 6. Variation of (a) liquid limit and (b) internal friction angle of sandy soil under 

CuSO₄ concentration and different boric acid contents 

 

Fourier-transform infrared spectroscopy (FTIR) was conducted to investigate the chemical 
bonding variations among the clean sand (CS), sand contaminated with 5000 ppm copper 
sulphate (CS5000), and sand contaminated with 5000 ppm copper sulphate and subsequently 
treated with 0.4% boric acid by dry weight of soil (CS50000.4Bo). As illustrated in the spectra 
from Figure 7, the dominant absorption bands in areas-1 (750-800 cm-1) and area-2 (1000-1200 
cm-1) primarily correspond to the symmetric and asymmetric Si-O-Si stretching vibrations, 
characteristic of the quartz-rich silica matrix of the sandy soil (Volkov et al., 2021; Krivoshein 
et al., 2022). Upon the introduction of CS5000Cu, slight variations in the spectral profile within 
area-2 are observed, due to the overlapping of sulphate (SO₄2-) stretching vibrations with the 
primary silica bands (Yusuf, 2023). Following the addition of boric acid (CS5000Cu0.4Bo), 
further structural modifications are evidenced by subtle intensity changes and the emergence 
of features in area-3 (1400-1500 cm-1). This region is typically associated with asymmetric B-O 
stretching vibrations, suggesting the formation of borate complexes and their interaction with 
both the metal ions and the soil particle surfaces (Tkachenko et al., 2022).  
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Figure 7. FTIR spectra of clean sand (CS), copper sulphate contaminated sand (CS5000Cu), 

and boric acid remediated sand (CS5000Cu0.4Bo) 

 

In Figure 8, scanning electron microscopy (SEM) was employed to visually evaluate the 
microstructural changes in the soil matrix in its pristine, polluted, and remediated conditions. 
Clean sand (CS) demonstrated distinct angular grains with loose surface particles, but the 
addition of copper sulphate (CS5000Cu) resulted in significant localized surface precipitation 
and particle aggregation.  The subsequent treatment with 0.4% boric acid (CS5000Cu0.4Bo) 
significantly modified the surface topography, facilitating the widespread cementation of tiny 
particles onto the larger host grains via interactions with borate species. Although this 
aggregation process reduces the proportion of loose fine particles, it does not necessarily 
enhance macroscopic shear strength. The borate-based coating formed around the grains is 
expected to smooth the particle surface topography and reduce interparticle surface 
roughness, thereby lubricating grain-to-grain contacts. This mechanism is consistent with the 
decrease in internal friction angle (ϕ) observed in the direct shear tests, indicating that the 
micro-level aggregation and macro-level frictional resistance are governed by distinct — and 
in this case opposing — mechanisms. 

To comparatively evaluate all experimental results obtained from the current study and the 
study conducted by Küçük et al. (2026), the main geotechnical parameters obtained from the 
experiments are presented together in Table 2. The table includes the values of specific gravity 
(Gs), fine grain content (FC), liquid limit (LL), optimum water content (OMC), maximum dry 
unit weight (MDU), and internal friction angle (ϕ). Thus, the effects of both heavy metal 
contamination and boric acid addition are evaluated holistically. When the results in the Table 
2 are generally examined, it is observed that significant changes occur in some engineering 
properties with increasing heavy metal concentration. In particular, it is noteworthy that the 
internal friction angle values show a decreasing trend with increasing heavy metal 
concentration. This behavior is attributed to the interaction of heavy metal ions with soil 
grains, which alters the soil microstructure and intergranular bonding mechanisms (Tang et 
al., 2026). In addition, notable changes were observed in the compaction parameters, 
indicating that the presence of heavy metals affects intergranular interactions by altering the 
ionic properties of the soil solution. The addition of boric acid, in most cases, caused further  
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Figure 8. SEM analysis of clean sand (CS), copper sulphate contaminated sand (CS5000Cu), 

and boric acid remediated sand (CS5000Cu0.4Bo) 

 

changes in soil properties. With increasing boric acid content, gradual decreases were 
observed, particularly in the internal friction angle values. This is explained by the fact that 
boric acid alters the chemical equilibrium in the soil system and interacts with heavy metal 
ions, creating a different electrochemical environment within the soil structure (Reddy and 
Cameselle, 2019). The results presented in Table 2 reveal the effects of heavy metal 
contamination and boric acid addition on the engineering properties of soils and provide a 
general summary of the experimental findings obtained in the study. 

From an engineering perspective, the observed reduction in the internal friction angle 
following boric acid treatment may influence the design and performance of geotechnical 
structures founded on remediated soils. Lower shear strength parameters may reduce 
foundation bearing capacity, decrease slope stability, and increase deformation potential in 
pavement subgrades. Therefore, although boric acid treatment contributes to heavy metal 
immobilization, the engineering performance of the treated soil should be carefully evaluated 
before its use in load-bearing applications. 
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Table 2. Comparative summary of the main geotechnical properties obtained under CuSO₄ 
contamination and boric acid remediation 

Naming Study Gs FC (%) LL (%) 
OMC 
(%) 

MDU 
(kN/m3) 

ϕ (°) 

CS Küçük et al. (2026) 2.54 7.53 28.00 9.20 17.90 35.60 

CS1000Cu Küçük et al. (2026) 2.60 5.84 26.00 7.07 18.10 30.80 

CS2000Cu Küçük et al. (2026) 2.63 4.03 23.10 5.96 18.40 29.60 

CS5000Cu Küçük et al. (2026) 2.66 3.23 21.90 5.14 18.80 27.90 

CS1000Cu0.1Bo Current study 2.50 3.32 28.68 7.28 17.60 26.10 

CS2000Cu0.1Bo Current study 2.53 3.38 26.69 6.49 18.20 25.80 

CS5000Cu0.1Bo Current study 2.53 2.67 22.60 6.02 18.60 23.60 

CS1000Cu0.2Bo Current study 2.46 2.34 28.76 8.37 17.20 25.20 

CS2000Cu0.2Bo Current study 2.46 2.37 29.39 7.19 17.90 23.90 

CS5000Cu0.2Bo Current study 2.42 2.24 22.68 6.58 18.20 23.50 

CS1000Cu0.4Bo Current study 2.39 1.20 30.44 8.83 16.90 21.60 

CS2000Cu0.4Bo Current study 2.38 0.67 30.28 7.54 17.40 21.20 

CS5000Cu0.4Bo Current study 2.42 0.40 22.91 7.06 17.80 20.80 

 

Unlike conventional stabilizers such as lime, cement, or fly ash, which generally increase soil 
strength through cementitious reactions, boric acid primarily functions by modifying the 
physicochemical environment of heavy metal ions within the soil matrix. Consequently, while 
traditional stabilizers frequently improve both environmental and mechanical performance, 
boric acid treatment may provide environmental benefits without necessarily enhancing 
engineering properties. This distinction should be considered when selecting remediation 
techniques for contaminated sites. 

The present results demonstrate an important trade-off associated with boric acid treatment. 
Although boric acid contributes to the immobilization of heavy metal contaminants, the 
accompanying reduction in shear strength indicates that environmental improvement does 
not necessarily translate into improved engineering performance. Consequently, remediation 
strategies should be evaluated not only in terms of contaminant immobilization efficiency but 
also with respect to the resulting geotechnical behavior of the treated soil. 

4. Conclusions 

In this study, the geotechnical and strength properties of sandy soil contaminated with 
different concentrations of CuSO₄ were experimentally investigated after boric acid 
remediation. The main findings are summarized as follows: 

 Boric acid addition consistently reduced specific gravity and maximum dry density, 
attributed to its low density and interaction with metal ions. 

 Fine content decreased markedly with increasing boric acid content, suggesting 
enhanced particle aggregation, supported by SEM observations. 

 At a given CuSO4 concentration, LL and OMC increased with boric acid content, while 
increasing CuSO₄ concentration itself suppressed LL, indicating opposing effects of 
contamination and remediation. 
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 Internal friction angle decreased by up to ~42% with both increasing heavy metal 
concentration and boric acid content, revealing a clear trade-off between chemical 
immobilization and shear strength. 

 FTIR and SEM analyses indicated the formation of borate complexes and particle-scale 
aggregation, providing a plausible micro-mechanical explanation for the observed 
macroscopic changes. 

 Overall, boric acid appears effective for immobilizing copper contamination but 
reduces the shear strength of the treated soil, suggesting that its use in load-bearing 
applications should be evaluated together with the required geotechnical performance. 

This study is limited to a single soil type, a single synthetic contamination method, and a 
laboratory-scale testing program; long-term field performance, leaching behavior, and 
durability of the treated soil were not evaluated. Future studies should investigate the long-
term stability of boric acid–treated soils, the combined use of boric acid with conventional 
stabilizers to offset strength loss, and the leachability of immobilized copper under field-
representative conditions. 
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