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Abstract

:

Nano zero-valent iron (nZVI) technologies have gained recognition for the remediation of heavily contaminated sites and reused as backfilling soil. The moisture environment at these sites not only impacts the reactions and reactivity of nZVI but also the dynamic responses of compacted backfilled soils. The research explored the effects of different nZVI dosages (0.2%, 0.5%, 1%, 2%, and 5%) on Lead-Zinc-Nickel ions contaminated soil under a controlled-moisture condition. Cyclic triaxial tests were performed to evaluate the dynamic responses of treated soil samples prepared using a consistent moisture compaction method. Particle size distribution and Atterberg limits tests assessed changes in particle size and plasticity. The study revealed a minor reduction in the particle size, liquid limit, plastic limit, and plasticity index of the contaminated soil. Notably, increasing nZVI dosages in treated soils led to growing Atterberg limits. An increase in the specific sand fraction of treated soils was observed with nZVI, suggesting nanoparticles–soil aggregations favoring existing larger particles. Stepwise loading cyclic triaxial tests indicated an optimal dynamic response of soil treated with 1% nZVI under the controlled-moisture condition, proven by notable enhancements in the maximum shear modulus, maximum shear stress, less shear strain, and higher damping ratio within the small strain range. It should be noted that moisture content in treated soils declined significantly with higher nZVI dosages during preparation, potentially impeding effective aggregation and the formation of a solid soil skeleton. These findings advance the importance of considering the balanced nZVI dosage and moisture content when employing the safety assessment of practical applications in both nano-remediation techniques and soil mechanics.
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1. Introduction


The advancement of industrial technologies, encompassing sectors like mining, electronics, and smelting, has led to the consistent introduction of heavy metal ions (HMs) into the soil, posing significant environmental and engineering challenges and hindering the sustainable use of contaminated soil [1,2]. The sources of HMs are diverse and contaminated sites are often exposed to a variety of excess HMs. Notable examples included landfill leachate (Cd(II), Pb(II)) [3], soils near copper mines (Cu(II), Pb(II), Zn(II), Ni(II)) [4], sites near coal gasification plant (V(V), As(III)) [5], etc. These heavy metal ions, once present in the soil, could enter the human body, primarily through the food chain, posing serious health risks, including fatal diseases, damage the nervous and digestive systems and impair immune function [6,7,8,9]. Beyond health implications, the enrichment of heavy metal ions in soils also affects their physical, chemical, and mechanical properties, leading to potential engineering safety concerns. The impact of heavy metal ions on the engineering properties of soil not only leads to a reduction in shear strength but also causes a significant loss in deformation characteristics [10,11]. Therefore, the remediation technology that combines the treatment of heavy metal contaminants and the improvement of the engineering properties of contaminated soil could have high importance and should be a necessary requirement. In recent decades, nanotechnology-based remediation has emerged as a promising approach for the lab-scale, in situ and ex situ remediation of combined heavy metal-contaminated sites, offering high performance, lower prices and an environmentally friendly solution [12,13]. Nano-zero-valent iron (nZVI) has garnered significant attention due to its excellent efficacy in the remediation of combined heavy metals contamination and enhancement of the geotechnical engineering characteristics of treated soils [14,15,16,17].



The nanoscale zero-valent iron (nZVI) exhibits unique physical and chemical properties, making it highly effective in immobilizing a variety of heavy metals (HMs) in contaminated soils [18]. The mechanisms included reduction (e.g., Cu(II), Pb(II), Ni(II)), adsorption (e.g., Cr(VI), Pb(II), Cd(II)), precipitation (e.g., Cu(II), Pb(II), Zn(II)), and co-precipitation (e.g., Cr(VI), Ni(II)) [19,20]. Specifically, Cu(II) is reduced to Cu [21], Ni(II) is reduced to monomers after being adsorbed on the surface (  ≡ F e O H − N i  ) [22,23], Zn(II) forms a Zn(OH)2 precipitate [24], and Pb(II) is adsorbed on the surface to form a surface complex (  ≡ F e O − P   b   +    ) [25], etc. As a nano-material, nZVI physical properties, including electrostatic adsorption, magnetic attraction, aggregation, and bonding, significantly contribute to these chemical processes and particularly in a physical manner [26]. When nZVI is added into contaminated soils as a reagent, the degradation and immobilization of heavy metal contaminants can significantly improve the properties of the soil, indirectly. However, it is important to acknowledge that the interactions involving nZVI, water, oxygen and soil particles have the potential to modify the structure of the soil skeleton and further affect the engineering properties of the treated soil. These interactions included the formation of homo-aggregates (aggregation of nZVI particles and finer clay particles under strong van der Waals and magnetic forces), hetero-aggregates (nZVI and products adsorbed on the surface of electronegative soil aggregates), or reaction products of HM treatment [27,28]. The physical processes induced by nZVI could directly influence the contact and adhesion of soil particles and the formation of skeleton, hence resulting in uncertainty in mechanical properties of the soil [29,30,31]. Moreover, the abilities of nZVI were subject to environmental conditions. In aqueous environments, the oxide layer shell of nZVI could be corroded and destroyed, resulting in the release of the core Fe0 and facilitating the immobilization reaction. In contrast, in dry environments with limited water, the core-shell structure of nZVI remains intact, limiting its chemical effects. Consequently, the limitation emphasizes the importance of nZVI’s physical properties and water environment, such as aggregation and magnetic attraction, in the immobilization process under such conditions.



In geotechnical engineering, especially in projects like waste landfill sites, road and railway construction, where seismic requirements should be considered, it is essential to assess the cyclic shear characteristics of the treated soil. A few studies have been conducted in the role of nanomaterials in enhancing both the cyclic and static response of soils [32,33]. Chen et al. [34] observed that, as the nano-MgO, both the limiting cyclic stress and the maximum cyclic modulus of the soil increased accordingly. The significance observed a 16.5% increase in the maximum modulus of elasticity in hydromorphic soils after a 28-day curing period with nano-CaCO3 [35]. The mechanism for the observed improvements in dynamic shear characteristics of treated soil is that nanomaterials improve the aggregation and bonding between soil particles, as well as the pore-filling capabilities. Specifically focusing on nZVI, a few studies have reported an increase in static shear strength of contaminated soils following nZVI treatment. A laboratory application demonstrated that contaminated soil with 400 mg/kg of Pb(II) treated with nZVI increased its undrained shear strength from 25.83 kPa (with 0.2% nZVI) to 69.33 kPa (with 10% nZVI) [36]. It was reported that, after 5% nZVI treatment, the internal friction angle of the contaminated soil increased from 21.5° (contaminated soil) to 28.2° (5% nZVI treated soil), and the increasing moduli of treated soil was also observed [37]. Nasehi et al. [38] also noted improvements in Unconfined Compressive Strength (UCS) and undrained shear strength in diesel-contaminated soils after nZVI application. Given that each nanomaterial exhibits distinct physico-chemical properties, their effects on soil engineering properties could vary significantly. Unfortunately, few studies have pointed out the effect of water on the impacts of nanomaterials. Therefore, it is urgent to conduct a comprehensive study of the cyclic properties of combined heavy metal-contaminated soils treated with nZVI. Such cyclic research was particularly vital when considering the use of these treated soils as backfill material for roadbeds or embankments, where lab testing condition requirements, especially water content and compaction techniques, would be key considerations.



The objective of this study is to investigate the cyclic behavior of soil contaminated with a combination of three heavy metals and treated with nanoscale zero-valent iron (nZVI) underlying a limited water sample preparation. Three heavy metals were selected as contaminants based on the interaction mechanisms with nZVI: Zn(II) as a representative for adsorption, Pb(II) for precipitation, and Ni(II) for reduction. Subsequently, the contaminated soil samples underwent treatment with five different dosages of nZVI (i.e., 0.2%, 0.5%, 1%, 2%, 5%). To assess the geotechnical properties of the nZVI treated soil, a series of tests was designed, including compaction sample preparation, Atterberg limit tests, Particle size distribution (PSD) analysis, and cyclic triaxial tests. This study, by comprehensively exploring the application of nZVI in soil treatment, aims to broaden the scope and enhance the understanding of nZVI role in the cyclic shear properties of heavy metal-contaminated soils, providing insights for its application in geotechnical engineering.




2. Materials and Methods


The original soil used for this study was collected from a city lake of Haikou, Hainan Province, China. The liquid limit (LL), plastic limit (PL) and plastic index (PI) are 57.4%, 27.5% and 29.9, respectively, following the BS1377:1990 [39]. The particle size distribution (PSD) of original soil contains 10% clay, 50% silt and 40% sand. Original soil with a PI greater than 50 and below the “A line” (PI = 0.73 (LL-20)) were defined as MH or OH according to the Unified Soil Classification System (USCS, ASTM D2487-17, 2017) [40]. Three heavy metal nitrate contaminants (Zn(NO3)2·6H2O, Pb(NO3)2, Ni(NO3)2·6H2O, 99.8% AR) were selected because of their solubility and beneficial reactions of nZVI with heavy metals [41]. These contaminants were supplied by XiLong Chemical Co., Ltd., Shenzhen, China. The nZVI (purity 99.9% Fe0) was supplied by Xiang-Tian Co., Ltd. (Shanghai, China) as a treatment reagent and was kept under vacuum until used for experiments. The key parameters of nZVI particles are 50 nm diameter, with a surface area of 30 m2/g and a particle density of 1150–1250 kg/m3, as reported by the manufacturer.



2.1. Dosages


In order to ensure control over the variables and account for the competitive mechanism between heavy metals and nZVI reactions, the mass ratio of the three heavy metal contaminants (Zn (NO3)2·6H2O, Pb (NO3)2, Ni (NO3)2·6H2O) to the dry soil was determined at 200 mg/kg, respectively, (600 mg/kg divalent ions in total). The contamination level referred to the concentration of heavy metal pollution in the Yangtze River [42].



The statistical analysis of previous literature data was employed to determine the appropriate dosage of nZVI. Following the introduction of the three heavy metal contaminants into soil, the molar contents of Pb, Zn, Ni, and nitrate ions per kilogram of soil were 6 × 10−4, 1.1 × 10−3, 6.9 × 10−4, and 1.5 × 10−3, respectively. As reported by Li et al. [31], Li et al. [43] and Moazeni et al. [44], the optimal ratios of Ni(II), Pb(II), and Zn(II) to nZVI under solution conditions were determined to be 8/1, 10/1, and 9.5/1, respectively, in which that of total ionic quantities was approximately 9.2/1 in mass. Simultaneously, nZVI acts as a reducing agent and undergoes a reaction with NO3−, resulting in the reduction of nitrate ions to ammonia nitrogen and N2, which is not the focus of this paper. For this study, five different dosages of nZVI were determined to address heavy metal contaminates in soils. These dosages include 0.2% (Extra-Low level, 2.2/1), 0.5% (Low level, 5.5/1), 1% (Moderate level, 10.9/1), 2% (Extra-excessive level, 21.8/1), and 5% (Ultra-excessive level, 54.5/1), each based on the dry weight of the soil. It is worth noting the distinction between soil and aqueous environments in terms of complex soil mineral composition, which poses a challenge in transferring optimal nZVI amounts from an aqueous environment to soil. This disparity in comparison may potentially lead to an inaccurate estimation of the impact of nZVI in soil. All samples were categorized, namely Natural soil (NS), combined heavy metal contaminated soil (MS), contaminated soil treated with 0.2% nZVI (MNS0.2), 0.5% nZVI (MNS0.5), 1% nZVI (MNS1), 2% nZVI (MNS2), and 5% nZVI (MNS5).




2.2. Sample Preparation


To prepare the natural soil, the original soil was transformed into a slurry with a moisture content equivalent to 1.5 times the liquid limit (LL). Subsequently, the soil slurry underwent screening using a 1 mm mesh sieve. The sieved slurry was then dried in an oven at 105 °C for at least 24 h, followed by crushing and passing through a 1 mm sieve, namely Natural soil (NS). A compaction test was conducted on NS to determine the optimum moisture content (OMC), which was found to be 22%.



In the process of heavy metal-contaminated soil, the artificial contaminants, involving Zn(NO3)2·6H2O, Pb(NO3)2, Ni(NO3)2·6H2O, were dissolved in distilled water and added to NS for OMC. All metal contaminant ions were adjusted to achieve a metal mass ratio of 200 mg/kg, resulting in total heavy metal ions of 600 mg/kg of dry mass of soil. The mixture was manually stirred for approximately 10 min to ensure homogeneity. Subsequently, the contaminated soil was allowed to mature for one week to achieve equilibrium of adsorption and desorption before undergoing further treatment. As the nZVI-treated procedure, different dosages (i.e., 0.2%, 0.5%, 1%, 2%, and 5% by dry weight) of nZVI powder were evenly spread over the prepared contaminated soil. The soil was then hand-stirred for 5 min to ensure proper mixing. It is worth noting that no additional water was added beyond the initial OMC amount during the preparation, ensuring the consistency of the initial amount of water for all sequences. Afterward, the samples were compacted in six layers using a 100 mm high, 50 mm diameter mold to prepare the cyclic triaxial samples.




2.3. Particle Size Distribution (PSD)


The particle size distribution (PSD) of the soil samples was analyzed by the Malvern Particle Size Analyzer (Mastersizer 3000, Malvern Panalytical Ltd., Malvern, UK). The apparatus operates across a range spanning from 0.01 to 3500 μm and provides data for 118 size classes within this interval. Subsequently, the results were classified into three categories according to particle size following the USCS: clay (<1.5 μm), silt (1.5–75 μm), and sand (>75 μm).




2.4. Atterberg Limits


The Atterberg limits test was carried out on various types of soil accordance with the BS 1377:1990 [39]. A cone penetrometer (LP-100D, Glory Testing Ltd., Kunshan, China) was used to determine the Atterberg limits. The procedure involved measuring cone penetration at five different moisture contents and plotted the cone penetration moisture content line, taking the moisture contents corresponding to the cone penetration of 5 mm and 20 mm as the plastic limit (PL) and liquid limit (LL), respectively. In this case, the recommended Plastic Limit Rolling Procedure 1 (ASTM D4318-17) [45] was also used as a verification of plastic limits, and the results are consistent with that from the cone penetrometer.




2.5. Cyclic Triaxial


The cyclic triaxial test system (ELDYN, GDS Instruments, Hook, UK) was used to carry out tests to determine the cyclic properties of specimens with different treatments, according to ASTM D5311-2019 [46]. All the sensors were carefully calibrated by factory calibration and laboratory calibration. Vacuum and back pressure saturation were performed to ensure that the sample reaches a fully saturated state. The specimens were only considered completely saturated if the B-value > 0.95. During this study, all specimens achieved such full saturation condition (B-value > 0.96) for a back pressure of 200 kPa at least. Effective confining pressure of 100 kPa in isotropic consolidation stage was applied to each soil type until the excess pore pressure had completely dissipated (<5 kPa, >24 h). The cyclic shear stage utilized a 1 Hz sinusoidal wave, stress control, and a multi-step loading procedure. During the undrained cyclic shear stage, the cyclic load was started at 5 kPa and incrementally increased by the step 5 kPa per step for 5 cycles (first direction in compression, as shown in Figure 1), until the single amplitude strain in either extension or compression of 2.5% was achieved.




2.6. Determination of Cyclic Parameters


Figure 2 shows the typical hysteresis loop (stress–strain curve) of soils subjected to cyclic loads. The backbone curve is defined as the line connecting peaks of the hysteresis curves for different load amplitudes, the dynamic elastic modulus (Ed) is equal to the slope of the line joining the vertices of the hysteresis curves, and the cyclic shear modulus (Gd) is obtained by indirect calculation of the elastic modulus:


   E d  =    σ  dmax   −  σ  dmin      ε  dmax   −  ε  dmin      



(1)






   G d  =    E d    2 × ( 1 + υ )    



(2)




where Ed is the dynamic elastic modulus, σdmax, σdmin and εdmax, εdmin are the pressure and strain at the top of the hysteresis loop, respectively, Gd is the shear modulus, and υ is Poisson’s ratio. For saturated undrained samples, Poisson’s ratio can be assumed to be 0.5 [34].



Hardin and Drnevich [47] adopted a hyperbolic function to analyze the variation of dynamic shear stress and shear modulus with strain:


   τ d  =    γ d    a + b  γ d     



(3)






   G d  =    τ d     γ d    =  1  a + b  γ d     



(4)




where a, b are fitting parameters, τd is the shear stress (τd = σd/2), and γd is the shear strain (γd = εd × (1 + υ)).



Thus, if γd is 0 or infinity, the maximum shear modulus Gmax = 1/a and the maximum shear stress τ.



Finally, the damping ratio is confirmed by the following equation:


  λ =  1  4 π     Δ W  W   



(5)




where ΔW is the area of the hysteresis loop and W is the area of the triangle AOG.





3. Results and Discussion


3.1. Particle Size Distribution


Particle size distribution (PSD) is a basic property and classification of soils that significantly influences various engineering properties, including soil water retention, hydraulic conductivity, shear properties, and geo-mechanical properties. In this study, a laser particle size analyzer was employed to measure the changes in particle size. The obtained PSD results for each sample and variation in section ratio are plotted in Figure 3.



The results indicated that the PSD of the contaminated soil and nZVI treated soils exhibited a higher proportion of coarse particles compared to the natural soil. As shown in Figure 3, the PSD curves for the contaminated and treated soils shift towards the right, with the degree of shifting becoming more prominent as the nZVI dosage increases. This shift implies the formation of larger particles and aggregates and reduction in the proportion of small particles with nZVI, especially in the increase to >300 μm. A gradual increase in Cu values occurred from 17.4 for NS to MS (for 18.1), MNS0.2 (for 65.9), MNS0.5 (for 185.8), MNS1 (for 262.8), and MNS2 (for 288.2), MNS5 (for 136.1). Notably, the PSD of nZVI treated soils could be divided into two distinct segments at a turning point of 1% according to the increment of Sand proportion, including Low-series (i.e., 0.2% and 0.5%) and Excess-series (i.e., 2% and 5%), by which the soil showed increasingly heterogeneous effects and aggregation with more introduction of nZVI, exhibiting a consistency with coarser increasing and finer decreasing. The MS shows a 4% decrease in clay and a corresponding 2% increase in sand and clay, respectively. Previous studies have shown that heavy metal cations can reduce the electrostatic repulsion between particles by compressing the thickness of the diffusion layer and reducing the surface charge number/density, which in turn induces agglomeration of soil particles. When the nZVI addition increased from 0.2% to 5%, the clay and silt content decreased by 4% and 35%, respectively, and the sand content increased by 39%. It is obviously noted that no significant increasing trend was found within the ranges of G-300 μm (i.e., no particle size in this interval), even with a 5% nZVI introduction. Hence, nZVI-soil products, including chemical and physical interactions, tended to aggregate or precipitate on existing large particle, rather than clumping themselves together. What can be confirmed is that the aggregation effect of nZVI has limitations [48,49]. The following reasons could be considered for this phenomenon. (1) Homogeneous aggregation of nZVI. nZVI exposed to air or water readily forms chain-like aggregates, and nZVI aggregation from the nanoscale to the micron scale is observed [50]. (2) Heterogeneous aggregation of nZVI with soil. Oxidized nZVI aggregates adsorb on and form complexes with soil particles through interfacial interactions of their surface functional groups, increasing the mean particle size due to complex formation [27,51]. (3) Agglomerates gel with agglomerates to form larger agglomerates. Aged nZVI becomes cemented to the surface of the soil aggregates and forms connecting structures between the aggregates [29]. Aggregates that do not break up under the influence of ultrasound are considered to be particles. Thus, the hetero-/homo-aggregation of nZVI with finer particles and on larger particles could be regarded as the main mechanism for the influence on the PSD of the treated soils. Overall, the application of nZVI resulted in an increase in the particle size of the treated soil due to the aggregation effect.




3.2. Atterberg Limits


The Atterberg Limits are empirical indices of the critical water contents defining the mechanical states of soil–water mixtures and are widely used for the identification, description and classification of soils, consisting of the Liquid Limit (LL), Plastic Limit (PL) and Plasticity Index (PI). The Atterberg limits are particularly critical in understanding the engineering behavior of fine-grained soils and diffusion double layer (e.g., water molecules and ions adsorption). Figure 4 highlights the effect of heavy metals and nZVI dosages on the Atterberg limits of the specimens.



The LL, PL and PI of MS slightly decreased from 57.4%, 27.5% and 29.9, respectively, to 52.8%, 25.3% and 27.3%. The changes could be explained by the interaction among replacement by heavy metal ions, changes in adsorbed water and free water, and soil particles with negative charge, affecting the diffusion double layer (DDL). Soil particles have an enormous surface area and negative surface charge, which enables them to adsorb polar water molecules by electrostatic forces or hydrogen bonding. The adsorbed water, tightly bound to the soil particle surface, is primarily responsible for the plastic properties of fine-grained soils [52]. Water away from the surface of the soil particles was easily moved by an external force, namely free water, which influenced the fluid behavior of the soil [53]. It can therefore be said that the Atterberg limits of the soil are a macroscopic representation of the thickness of the DDL. If the pore fluid comprises heavy metal cations with water, the heavy metal cations and polar water molecules will dominate the negatively charged sites on the clay particle surface, and hence the thickness of DDL will be reduced, and the soil particles will be able to slide at relatively lower water contents, reducing the LL and PL of the contaminated soil [10]. In general, the less adsorbed water the soil adsorbs, the thinner the DDL and the lower the PI value. Thus, a larger proportion of cations in contaminated soils adsorbed less bound water, thinner DDL, and led to the decline in PI.



The LL, PL and LL of the nZVI-treated soil were significantly increased with higher nZVI dosages, after the dry mixing preparation process. Following the treatment with 0.2% nZVI, the LL and PI values of the MNS0.2 decreased to 51.6% and 22.3, respectively, while the PL values increased to 29.3%. The decrease in LL and PI values observed at Low- series of nZVI (i.e., 0.2% and 0.5%) could be attributed to the effective degradation of heavy metal ions. As reported by Zhou at al [36], as the heavy metal ions were immobilized, the thickness of the diffusion double layer (DDL) in the soil increased. Across the theoretical turning point—1%, the PL continually increased while LL increases even more, leading to a greater PI. As the nZVI increases to an Ultra excess dosage—5%, the LL, PL, and PI values continued to rise, reaching 117.1%, 51.2%, and 65.9, respectively. The adsorption and aggregated structures of hydroxides formed by the reaction of nZVI led to an overestimation of the water content present in the treated soil and resulted in an increase in the measured Atterberg limit during experimentation. Furthermore, residual nZVI in the soil could continue to react with the added water during the cone penetration experiment, contributing to an increase in the measured Atterberg limits. Significantly, the addition of nZVI resulted in a notable shift in the Atterberg limits of the soil, particularly for samples MNS1, MNS2, and MNS5. In these cases, the soil classification shifted from CH or OH (for MNS0.2 and MNS0.5) to GM, due to the presence of coarse grains exceeding 50% and fines exceeding 12%, according to the PSD analysis. Currently, for the complex mechanism for Atterberg limits, no consensus exists on the condition with specific nanomaterials [54]. It is important to acknowledge that the impact of heavy metal cations and nZVI on the Atterberg limits of soil is contingent upon the specific composition of minerals, pore fluids, products and microstructures in the soil. The water content would also be a key factor that cannot be ignored during the nZVI chemical and physical reaction.




3.3. Dynamic Responses


Dynamic loads, including traffic, seismic activity, and wave loads, have a significant impact on the shear and structural integrity of various infrastructure elements, such as roads, foundations, and landfill. Therefore, it is necessary to consider the effects of these dynamic loads during the design and construction phases. As important indicators of the dynamic strength of soils, the damping ratio and the dynamic modulus are used to describe the dynamic responses of soils treated with nano zero-valent iron (nZVI). The backbone curve and shear modulus curves were fitted using the Hardin and Drnevich model [55], and the strain-history curve and damping ratio relationship were plotted. Based on the results, it was observed that the MNS1 sample demonstrated optimal dynamic shear properties under controlled-moisture conditions.



3.3.1. Hysteresis Characteristics and Backbone Curve in Dynamic Shear Stress–Strain Relationship of Soil


The stress–strain curves (backbone curves) for soils treated with various nZVI dosages were constructed. The curves were selected from the peak points of the half-cycle compressive stress peak points at the fifth cycle under each load, with fitting using the Hardin–Drnevich model. The backbone curve reflected the dynamic stress–strain relationship of the soil at different dynamic stress amplitudes, and for the dynamic shear modulus of the treated soil.



From the hysteresis characteristics, the evolutionary patterns of all samples were meticulously delineated, as illustrated in Figure 5. The hysteresis curves of the samples uniformly exhibited non-linear behavior, describing a willow shape. Furthermore, with an increasing number of cycles, a notable enlargement in the area of each hysteresis loop was observed, accompanying a gradual flattening, along with accumulation and increase in irreversible plastic strain. Initially, the hysteresis curve of NS shifted from a dense and symmetrical feature with minimal cumulative strain. In the presence of contaminants, it a compactness feature at small strains was exhibited (i.e., Low cyclic loading level) and observed, whereas at large deformations (High cyclic loading level), a rapid expansion in the curve’s area was evident, alongside progressively increasing tensile strains along with each loading step. Upon addition of nZVI, a distinct transition point in hysteresis characteristics should be noted at a 1% dosage. For instance, an initial increase was followed by a decrease in shear strain along with the step loadings, with a reversed trend in tensile strain. Under higher cyclic loadings, the curve’s shape rapidly changed from shuttle-like to an elongated willow leaf shape. Notably, the initial rightward shift and subsequent re-stabilization of the curves at a 1% nZVI dosage (MNS1) indicated an internal particle rearrangement and compression process, which could lead to a stable and solid skeleton.



The results in Figure 6 indicated that the shear stress of the MNS1 samples exhibited a gradual increase along with increasing strain within the measured strain range, demonstrating a strain-hardening fitting, while the remaining samples showed an ideal elastic-plastic model. After contamination by three heavy metals, the maximum shear stress (τdmax) of the MS increased from 38.3 kPa of NS to 47.1 kPa. Furthermore, the introduction of nZVI showed a trend initial increase and then decrease in τdmax at 1% nZVI. For instance, τdmax increased from 37.9 kPa to 47.3 kPa and further to 64.4 kPa with 0.2%–0.5%–1% nZVI, while τdmax decreased to 38.3 kPa and 34.4 kPa for MNS2and MNS5, respectively. MNS1 exhibited the highest τdmax (64.4 kPa) and the lowest value of R2 (0.898), highlighting the 1% dosage of nZVI as a critical stage in inducing internal changes in the treated soil. The increase in the τdmax for MS could be attributed to key factors: a decrease in the PI, implying a thinner DDL thickness, and the coarsening of the soil particles. When nZVI is introduced into contaminated soils, its physical and chemical properties initiate rapid reactions within the soil-contaminants matrix, leading to several distinct processes. Based on the Particles size distribution and plasticity analysis, the following reasons could be induced: (1) Reaction with water on soil particles. By the oxide protective layer, nZVI typically exhibited a core-shell structure. The interaction of nZVI with on-particle water results in the erosion of its oxide shell, facilitating the release of the core active Fe0 and eventually forming iron-metal oxides, and adsorbed on particle surfaces. (2) Remediation with both heavy metals and water. nZVI acted to immobilize heavy metals through various mechanisms, including oxidation, reduction, adsorption, and precipitation around or on soil particles. During the process, water would be the indispensable reaction condition. (3) Adsorption and agglomeration on soil particles. nZVI, due to its charged and nanoscale nature, exhibited a propensity to adsorb onto the electronegative surfaces of soil particles. (4) Aggregation with soil particles. Aggregation of nZVI finer particles took place under strong van der Waals and magnetic forces on the larger particles (e.g., obviously in sand fractions, mentioned in the PSD section). It is noteworthy that these four processes occurred simultaneously in the nZVI-soil-contaminant system. Therefore, the decrease in τdmax observed in samples with 0.2% dosages of nZVI could be attributed to the effective degradation of heavy metal ions. The increase in adsorption and aggregation effects at the dosages of 0.5% and 1% significantly contributed to enhancing the agglomeration and aggregation between soil particles. This enhancement in cementation directly influenced the strength of the soil skeleton and the τdmax markedly increased. However, at higher nZVI dosages, (2% and 5%), the excess nZVI leads to excessive consumption of soil water. Importantly, the mentioned reaction, both in chemical or physical processes, could be dominated by water on soil particles and hence the products and aggregates would be precipitated on the soil surface. This overuse of soil water and excess coating nZVI particles could impede the ability of the treated soil to form a dense, cohesive and solid skeleton, by which it could have a negative effect on interlock capacity and cohesive force, resulting in a significant decrease in τdmax. In conclusion, the physico-chemical interactions of nZVI within the soil-heavy metals system, governed by various dosages of nZVI and water, exerted a significant enhancement to the dynamic shear stress of the soil.




3.3.2. Strain Time-History Characteristics


To better understand the effect of heavy metals and nZVI on axial deformation during stepwise loading, the strain time-history curve of different soil types under the same loading schedule were compared. The compressive and tensile stress peak points under each level load are selected and connected with a smoothed curve. The results and step loading schedule are plotted in Figure 7.



The deformation process can be divided into three stages based on the growth rate of the curve. The gentle increase stage was defined as the early deformation at the initial cyclic loadings. During this, it exhibited a low strain range and a slower growth on or near the horizontal line. In the gradual increase stage, the strain rate gradually increases as the dynamic stress increases and this growth process includes the turning point from stable to rapid deformation for all specimens. From a microscopic view, internal rearrangement of the soil might occur, and the soil skeleton would be a broken and show a cracked form. The final stage was named the steep increase stage. Under dynamic loading with a continuous increase in dynamic shear strain, the failure surface gradually widens until fail in a short time. Compared to NS and MS, which withstood 138 and 140 cycles, respectively, reaching a critical axial strain of 2.5%, nZVI-treated soils showed varied durability under cyclic loading. Specifically, MNS0.2 and MNS1 endured 127 cycles each, MNS0.5 lasted for 118 cycles, MNS2 for 106 cycles, and MNS5 only 75 cycles. This indicated that the connection structures and skeleton within MNS0.5 and MNS1 soils were more easily damaged under identical cyclic loading, leading to a greater plastic deformation. For MNS2 and MNS5, the delicate nature of new-formed soil microstructure predisposed it to particle slippage during cyclic loading. The condition resulted in irreversible plastic deformation, even when subjected to smaller cyclic loads. In conclusion, NS and MS exhibited greater durability under cyclic loading compared to nZVI-treated soils. Despite the ability of the moderate nZVI dosage to form a connected structure between soil particles, these new-formed structures were found to be susceptible to fracturing and irreversible plastic deformation when subjected to cyclic loading cycles.




3.3.3. Dynamic Shear Modulus Characteristics


The cyclic shear modulus, derived from the slope of the line connecting two vertices of the hysteresis loop, serves as a crucial parameter for characterizing the cyclic properties of soils. Utilizing the Hardin–Drnevich model, the results of cyclic shear modulus were fitted and presented in Figure 8.



A discernible threshold exists where the fitted curve for all samples nearly flattens, indicating that the Gdmax remains relatively constant over a range of small strains, numerically Gdmax = 1/a. The point was identified as the elastic strain threshold, a critical demarcation for distinguishing between elastic and plastic deformation in soils [56]. When deformation surpasses this elastic γd threshold (approximately 0.01%), a rapid decrease in Gd is observed with increasing γd. This decline is indicative of the soil undergoing irreversible plastic deformation, leading to a deterioration of its structural integrity [57]. Specifically, the introduction of heavy metals resulted in an increase in Gdmax of NS from 30.5 MPa to 36.1 MPa of MS. However, the addition of a 0.2% dosage of nZVI caused a decrease in Gdmax to a level similar to that of NS, measuring 30.9 MPa; as mentioned before, the reasons could include remediation and Extra-Low-level actions. As the quantity of nZVI added continued to increase, the Gdmax of soil treated with 0.5% nZVI decreased to 27.1 MPa. When the nZVI dosage reached the theoretical turning point of 1%, Gdmax reached its maximum value at 39.3 MPa, which noted a 45% increment. Subsequently, for MNS2, Gdmax decreased to 28.9 MPa, and for MNS5, it decreased further to 22.9 MPa. The fluctuation in Gdmax revealed that MNS1 exhibited the highest stiffness in the initial stages (within the 1% strain range). However, it does not adequately represent the alterations occurring in the sample throughout the entire shear process.



To comprehensively depict the variations in shear modulus among different samples throughout the entire shear process, the results are graphically presented in Figure 9, considering two perspectives on the same stress (Figure 9a) and the same strain (Figure 9b). The data (Figure 9a) indicate that, at the τ of 5 kPa, the Gd values for all samples are as follows: 22.8 MPa (NS), 25.5 MPa (MS), 23.6 MPa (MNS0.2), 25.1 MPa (MNS0.5), 24.6 MPa (MNS1), 24.7 MPa (MNS2), and 10.4 MPa (MNS5). Notably, there are no significant differences in Gd among all samples, except for MNS5. However, when the τ is increased to 27.5 kPa, the Gd values for the same seven samples decrease to the following levels: 11.1 MPa, 16.9 MPa, 14.1 MPa, 15.7 MPa, 10.9 MPa, 2.1 MPa, and 0.4 MPa. These reductions represent percentage decreases of 51.1%, 33.6%, 62.1%, 43.8%, 36.4%, 56.1%, and 79.4%, respectively. Notably, MS, MNS0.5 and MNS1 demonstrate a lower attenuation trend in Gd. Hence, the same trend in stress-strain behavior proves the proposed mechanisms: (1) eaction with water on soil particles, (2) emediation with both heavy metals and water, (3) adsorption and agglomeration on soil particles, and (4) aggregation with soil particles. When considering the strain perspective, it became apparent that the various samples exhibited different relative attenuation magnitudes compared to the stress perspective. For instance, the normalized shear modulus decay curve of MNS5 was situated to the right of MS, which indicated that MS experiences a greater shear modulus decay magnitude and decay rate than MNS5, despite MNS5 having a lower Gdmax. One reason could be that the larger dosages of nZVI (i.e., Extra-excessive level) resulted in more water being consumed, so that the relatively dry nZVI particles adhere to the surface of the soil particles in a weakly bonded manner, especially under the controlled-moisture condition. It also significantly affected its interlocked force and cohesion. The disparity in the nonlinearity of soil stress–strain behavior accounts for this difference. However, irrespective of the perspective considered, it is evident that MNS1 demonstrates outstanding resistance to attenuation of Gdmax under step loadings, which was the key issues in seismic resistance and resistance to many types of dynamic loads in sites.




3.3.4. Damping Ratio Characteristics


The damping ratio is the ratio of the energy consumed by the soil to produce damping in the next cycle of cyclic loading to the total elastic energy acting on the specimen, which reflects the degree of energy loss during soil deformation and is related to the area of the hysteresis circle and used for dynamic response analysis and seismic design.



Figure 10 illustrates that the damping ratio (λ) follows an “S” shaped trend with shear strain (γd) for all samples, except for the MNS1 sample, which exhibits a “V” shaped trend. The damping ratios for these samples predominantly ranged between 0 and 0.4. In the initial phases, a notably high λ was observed in the MNS1. This suggests that the presence of nZVI contributes to the formation of a more robustly connected structure amongst soil particles. In the shear strain range of 0.01% to 0.04% (and 0.01–1% for the MNS1, a long range with a slower decay), a gradual decrease in λ was recorded as the shear strain increased. It should be noted that a progressive decline in the soil’s ability to dissipate energy was observed. Under cyclic loading, larger soil particles were found to break down and rearrange, leading to a reconfiguration of the soil skeleton structure. The rearrangement effectively addressed deficiencies in the PSD curves, particularly in the 75–300 μm range, by which it highlighted enhancement of the soil skeleton’s strength and increasing λ. Notably, samples with a MNS0.2 exhibited a pronounced increase in λ, potentially attributable to the effective degradation of certain heavy metals within the soil matrix. However, after rearrangement as the cyclic loading continues, the emergence of a break-up of aggregate junctions within the soil samples could be deduced, culminating in failure. The development consequently led to a variation in the λ, manifesting either as a decrease or as a deceleration in the rate of increase across different samples. It is imperative to note that no further alterations in the damping ratio were detected within the specified strain range for MNS1. Thus, it could be inferred that the strength of inter-particle aggregation, in conjunction with changes in the particle size distribution (PSD) during cyclic loading, had significantly beneficial influences on the variations in λ significantly. Another promising mechanism was that, during the soil preparations under the controlled-moisture conditions (22%, OMC of NS), moisture used in this study should show a wider gap between PL with increasing nZVI effects. The larger gap was from 7.3 to 29.2 with nZVI from 0.2% to 5%, even with larger PI (usually related to the specific strength), which could suggest that the water content and its position in Atterberg limits should be considered as potential factors in the damping ratio and dynamic response with nZVI treatment [58].






4. Conclusions


The study aimed to explore the dynamic responses of soils contaminated with combined heavy metals and treated with nZVI. For this purpose, natural soil was contaminated with three heavy-metal contaminants (Zn (NO3)2, Pb (NO3)2, Ni (NO3)2) at a specific water content (22%) and treated with five dosages of nZVI (0.2%, 0.5%, 1%, 2%, 5%). The compaction, PSD, Atterberg limits, and stepwise cyclic triaxial experiments were conducted on all samples to draw the following conclusions.



	(a)

	
The introduction of nZVI into contaminated soil caused a rightward shift in the PSD curves of MS, and the increment was further accentuated with increasing dosages of nZVI. Notably, for MNS5, clay and silt fraction reduced significantly, with a marked transition (72.8% finer fraction) to sand fraction. It is suggested that nZVI treatment not only enhanced particle size but also selectively induced aggregation on larger soil particles, rather than forming independent clusters.




	(b)

	
Upon nZVI treatment, a continuous increase in LL, PL, and PI values were observed, correlating with rising dosages. Heavy metal cations caused a decrease in that of MS. The increase was primarily due to the formation of hydroxide adsorption and aggregation structures as a result of the nZVI reactions. Additionally, residual nZVI presented in the soil continued to react with water added during the experimental process, further contributing to the increase in the measured Atterberg limits.




	(c)

	
The backbone curve of the MNS1 exhibited a strain hardening behavior, in contrast to the other samples, which conformed to an ideal elastic-plastic model. Additionally, the maximum shear stress initially increased with the nZVI dosage but then decreased, with the 1% nZVI dosage marking the turning point. Specifically, the maximum shear stress of MNS1, was the highest among all treated soils, reaching 64.4 kPa. Furthermore, lower nZVI dosages (0.2% and 0.5%) primarily contributed to the immobilization of heavy metals in the soil. In contrast, excessive nZVI dosages (2% and 5%) led to the consumption of a significant amount of water on the soil and adsorption/aggregation coating on soil particles, which hindered the formation of dense structures.




	(d)

	
The strain time-history curve for all the soil samples was divided into three distinct stages: initial gentle stage, gradual growth stage, and steeper growth stage. In terms of durability under stepwise cyclic loading, the NS reached failure at the 138th cycle when subjected to a 2.5% compression strain. In comparison, the MS exhibited slightly increased resilience, withstanding up to 140 cycles. However, the samples treated with varying dosages of nZVI demonstrated varying degrees of durability: MNS0.2 and MNS0.5withstood 127 cycles, MNS1 endured 118 cycles, MNS2 lasted for 106 cycles, and MNS5 sustained only 75 cycles. These findings indicated that, while moderate amounts of nZVI could facilitate the formation of a connective structure between soil particles, the new-formed structure tended to lead to weak connections and easy fracture under controlled-moisture and excess nZVI condition.




	(e)

	
The fitting analysis of the Hardin–Drnevich model revealed that the variation in shear modulus for all soil samples remains relatively consistent pattern in the small strain range. Among these, the MNS1 possessed the maximum shear modulus of 39.3 MPa. This indicated a notably higher stiffness of MNS1 compared to that of other samples in this strain range. Further overall examination analysis highlighted that MNS1 exhibits superior resistance to attenuation of shear modulus, as observed in the strain–stress relationship.




	(f)

	
For all samples except MNS1, the variation in the damping ratio exhibited an “S” shaped trend, while MNS1 demonstrated a “V” shaped trend. Specifically, in the small strain range, MNS1 displayed a larger damping ratio, attributable to the solid skeleton structure formed by nZVI between soil particles. Under cyclic loading conditions, the disintegration and rearrangement of larger soil particles occurred, leading to a reorganization of the soil skeleton structure. The phenomenon was recognized as an enhancement of the soil skeleton’s strength and an increase in the damping ratio.







Based on the discussions, it is noteworthy to explore in depth these potential micro mechanisms of nZVI-soil interactions closely related to dynamic responses, including (1) reaction with water on soil particles, (2) remediation with both heavy metals and water, (3) adsorption and agglomeration on soil particles, and (4) aggregation with soil particles. When nZVI is introduced into contaminated soil, these four reactions occur simultaneously in the nZVI-heavy metal-soil system. Due to electromagnetic forces, nZVI could adsorbed on the surface of electronegative soil particles, which will contribute to the connection structure between soil particles and the formation of larger aggregates. Under cyclic loadings, the fragile connective structures can effectively resist cyclic loading at the initial stage. As in a higher cyclic loading level, disintegration and rearrangement of particles and aggregates could occur, which led to variations in inter-particle interactions and soil skeleton structure. However, the uncertainty, between changes in macroscopic geotechnical properties and changes in microscopic geotechnical properties, needs to be demonstrated by more microscopic evidence. Therefore, investigating the microstructure of nZVI- or nanomaterial-treated soils, such as pore size distribution, particle characterization and soil skeleton structure, shows good prospects for future research in this field. Overall, it is important that every possible geological parameter should be studied in detail before nanomaterials’ application in soil.
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Figure 1. Diagram of saturation, consolidation and stepwise cyclic loading of this study (CP: Cell Pressure; BP: Back Pressure EPWP: Excess Pore Water Pressure; ECP: Effective Confining Pressure). 
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Figure 2. Shear stress–strain curve and backbone curve. 
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Figure 3. Particle size distribution curves of each sample (NS: natural soil; MS: heavy metal contaminated soil; MNS0.2: soil treated with 0.2% nZVI). 
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Figure 4. Variations in Atterberg limits for each specimen (LLNS: indicates the LL of NS; PLMS: indicates the PL of MS). 
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Figure 5. The curves of shear stress–shear strain with different cyclic shear loading. 
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Figure 6. Variations in backbone curves of all samples (F-NS: fitting curve representing Hardin–Drnevich model of NS). 
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Figure 7. Variation in strain time–history curve of samples treated with various dosages of nZVI. 
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Figure 8. Variations in dynamic shear modulus versus shear strain relationships. 
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Figure 9. Variations in (a) dynamic shear modulus versus shear stress and (b) normalized shear modulus decay curve. 
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Figure 10. Variations in damping ratio of all samples. 
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