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Abstract

:

Managing sediments dredged from reservoirs of recharge dams is an environmental issue, however, these sediments can be an abundant and economical source of fine-grained fill soil. This experimental investigation quantifies the geotechnical properties of a reservoir sediment used to improve engineering properties of a poorly graded dune sand in Oman. The binary mixes were prepared with different percentages (5, 10, 20, 50, 75, 90, 95%) of sediment with sand. Laboratory tests such as gradation, consistency limits, compaction, and unconfined compression tests were performed to measure the engineering characteristics of the binary mixtures. The results showed that the maximum dry density increases up to a sediment content of 50% and then decreases with further increase in the sediment content. The optimum water content increases with the increase in sediment content from 17% for pure sand to 22.5% for pure sediment. The optimum moisture content shows a good correlation with the plastic limit of the binary mixture of sand and sediment. The unconfined compressive strength substantially increases with sediment content up to 75% and then decreases with further increase in the sediment content. The binary mixture of sand sediment is sensitive to moisture, however, the order of strength stability against moisture is dune sand mixed with 75, 50, and 20% sediments. The addition of sediment to dune sand improved the uniformity coefficient to some extent with an increase in the maximum and minimum void ratios as well. The elemental analysis of the sediment confirms that the material is non-contaminated and can be employed in geotechnical engineering applications as a sustainable and environmentally friendly solution.
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1. Introduction


Dune sands are characterized as collapsible soils and are not suitable for supporting infrastructure. Dune sands are usually fine-grained and poorly graded materials (e.g., SP) with a small amount of silt [1], which need to be blended with additives to enhance their engineering properties to be appropriate for geotechnical engineering perspectives. The effectiveness of soil improvement depends on many factors, such as properties of the sand and the additive, field application method, environmental concerns, and economic feasibility. Recently, it is strongly encouraged to reduce the carbon dioxide footprint in geotechnical engineering practices [2,3]. The utilization of waste material as an additive to improve the mechanical behavior of dune sand is expected to be an optimistic approach to reduce the carbon footprint associated with the processing of natural resources.



Reservoir sediments, a byproduct of weathering and erosion of rocks, are transported through alluvial process and get deposited in reservoirs of dams [4]. Oman has constructed several recharge dams to recharge groundwater from non-perennial flows and the sediments being deposited in the reservoirs are causing water infiltration reduction problems in situ [5]. Thus, reservoir bottom sediment dredging is performed periodically to remove thick sediments for maintenance purposes. However, the removal and disposal of dredged sediments requires considerable space as landfills and energy consumption during the dredging operations [6]. A primary factor that makes the concept of reusing the sediments a feasible solution is the potential economic benefits by cost-cutting of disposal and environmental issues related to the depletion of natural resources. In relation to this, an approach to determine the embodied energy and carbon dioxide contribution of ground improvement works has been developed [6,7]. Dredged sediments are often polluted with contaminants, such as heavy metals [8,9,10]. Methods to remove the metals from dredged sediment [9,10] might be cumbersome and expensive. Therefore, alternative methods resulting in dredged sediments that retain heavy metals are urgently needed.



The construction and non-construction fill applications provide the greatest basis for reuse of sediments in the industrial sector. The sediments have been successfully employed as a useful resource such as fill material for road construction [11,12], a mix of dredged sediment soil and steel slag fines for embankment construction in Singapore [13], construction material as mortars [14], clay material for island construction in Illinois, USA [15], and aggregates for concrete and masonry [16]. The municipal use of dredged material includes landfill capping [17] and beach nourishment. As stated in a study by Grubb et al. [18], “the economic benefit of reusing dredged sediments is best realized when decreased costs of dredged sediment disposal are coupled with decreased costs of virgin material”. Borton et al. [19] concluded that the treatment cost of dredged sediments in North-Western European ports ranges from 10 (slightly polluted) to 50 €/m3 (heavily polluted) sediment in the populated and ecologically important areas. Therefore, the importance of utilizing the dredged sediments for engineering purposes cannot be ignored for the benefit of the society. According to Smith et al. [20], the primary concern when utilizing dredged materials is to ensure that the materials to be placed are not more detrimental to the environment than traditional materials. The environmental issues associated with the use of dredged sediments are the potential for contamination and carbon footprint related to its reuse as an alternate resource in engineering applications.



One of the possible re-uses of dredged fine sediments includes their use as an additive to improve the engineering properties of problematic dune sands. The addition of fines for improvement of engineering properties of poorly graded sands is a general practice in geotechnical engineering. Deb et al. [21] added plastic and non-plastic fines to the poorly graded sands in varying quantities to study the changes in compaction parameters. They concluded that the addition of fines up to a certain amount increases the maximum dry unit weight of poorly graded sands and the amount of increase depends on the uniformity coefficient value of the sand. In past, various additives have also been employed to improve the properties of dune sand, such as the use of cement and cement bypass dust [21], bentonite [22], ash [23], marble waste [24], biopolymer [1], biopolymer and fibers [25] and fiber reinforcement [26]. Likewise, Park et al. [27] have reported that the addition of more than 20% sand to fines has a noticeable effect on the quick undrained shear strength of the mix. Choo et al. [28] improved the sand by the addition of kaolin clay and reported the critical and limiting fine content, porosity and concept of interfine void ratio. They found that the critical fine content of binary mixture was 40% and limiting fine content was around 80% to achieve optimum compression index and shear modulus of treated soil. Qureshi et al. [24] added fine marble waste powder to dune sand and reported an enhancement in geotechnical properties at a 15% treatment ratio. Cubrinovski et al. [29] reported a decrease in maximum and minimum void ratios with the addition of fines to a certain level (transition zone) up to which fines fill the void. Beyond the transition zone, the void ratio increases because of the replacement of sand particles with fines. It is therefore anticipated that making a binary mixture of fine sediment with poorly graded dune sands has a significant potential to improve their mechanical behavior. This will not only improve the sand lacking fines but also provide a useful application of sediments deposited on the bed of reservoirs. This study provides detailed experimental results and the derived conclusions on using reservoir sediments to improve engineering properties of dune sands in Oman.




2. Materials and Methods


2.1. Dune Sand


Dune sand (DS) was sampled from the northern part of Wahiba which is about 200 km to the south-east of the Capital Muscat (Figure 1a) of Oman and transported to the experimental site in plastic bags. The Northern Wahiba is predominantly a large mega-ridge system, whereas the Southern Wahiba mostly comprises of linear dunes, sand sheets, and sabkha fields. The collected sand sample is classified as poorly graded fine sand (SP) according to the Unified Soil Classification System (USCS) [30]. The sand has a specific gravity (Gs) of 2.62 with fine contents of 3.5%. The standard proctor compaction test gave a maximum dry density (γdmax) of 1.69 g/cm3 at an optimum water content of 17%. The photomicrograph of DS indicates the rounded and semi-angular particle shapes with smooth surfaces (Figure 1c) which are typical particulate characteristics of quartz sand weathered and transported via aeolian processes in deserts [31]. Carbonate sands are present throughout the Wahiba sand area with some quartz-rich sands in the Southern region [32]. The elemental analysis (Table 1) confirmed the presence of elements, calcium, carbon, and oxygen in the sand sampled from the northern ridge.




2.2. Reservoir Sediment


The reservoir sediments (RS) were collected from the reservoir of Wadi Jezzi Dam (Figure 1b) situated a few kilometers to the west of the port city of Sohar, Oman. The sediments were in an intact form at the time of collection and easily transported to the experimental site. The study requires the reconstituted technique of loose specimen preparation, so the sample disturbance was not of much interest. The photomicrograph of the RS is shown in Figure 1d which confirms with the grain size distribution of the sediments presented in Figure 2. Before employing in the experimental phase for this study, the sediments were dried in an oven for 24 h at 105 °C. The elemental composition of the inorganic sediments is presented in Table 1 which shows mainly the presence of oxygen, carbon, silicon and a minor proportion of metals, but does not include the heavy metals which are harmful. The sediments are classified as high plasticity clay (CH) according to USCS [30] with a specific gravity (Gs) of 2.38 and fine contents of 74.1%. The standard proctor compaction test gave a maximum dry density (γdmax) of 1.52 g/cm3 at an optimum water content of 22.5%.




2.3. Experimental Program


All the experiments were conducted in accordance with the standards of American Society for Testing and Materials (ASTM). Before preparing the binary mixtures, the sediments were crushed in ball mill and dried in oven at 105 °C for 24 h. The dried reservoir sediment was added to dune sand with mass ratios as 5, 10, 20, 50, 75, 90, and 95% to the dry weight of sand to prepare the dune sand-reservoir sediment (DS-RS) mixtures. The required amount of sediment was added to a dry sand sample passing a 4.75 mm sieve. The sand and sediment were mixed thoroughly until a uniform mixture was achieved. About 10 kg of binary mixture is prepared for each mix ratio and stored in plastic containers at room temperature. The properties of dune sand were used as a reference to assess the validity of measured properties of the sand-sediment mixtures. It is anticipated that the empirical correlations from the experimental data presented in this study can be useful for future research and practicing engineers. Microsoft Excel software was used to develop respective linear, polynomial, and exponential regression models with reasonably high R2 value. The fine content (Fc) increased from 3.5% for the original dune sand to 74.1% for the original reservoir sediment. The data acquired from the gradation analysis has been summarized in Table 2. The results of gradation tests on the sand-sediment mixtures, together with original sand and sediment are presented in Figure 2.





3. Results and Discussions


3.1. Index Properties


The maximum (emax) and minimum (emin) void ratios of sand increased by adding sediments (Figure 3). Based on the test data, regression relationships were evaluated to assess emax and emin based on the sediment contents (s). The observations made in this study validate the findings of [29,33] about the void ratio range (Δe = emax − emin) of sands treated with different percentages of fines as shown in Figure 4. Likewise, the void ratio range (Δe = emax − emin) of sand decreased up to 8.8% and then increased with the fine contents, Fc (Figure 5) and the respective regression models for [29] have also been provided.



The consistency (liquid limit (wL), plastic limit (wP), and plasticity index (IP)) of sand-sediment mixtures was determined as per ASTM standard [34]. The effect of sediment contents on the consistency limits and the respective linear regression models have been presented in Figure 6. In general, the addition of sediments increased the plasticity of the dune sand.




3.2. Compaction Tests


The compaction tests were performed in accordance with ASTM Standard test methods for laboratory compaction characteristics of soil using standard effort (600 kN-m/m3) [35]. The maximum dry density (MDD) for each mix type and its corresponding optimal moisture content (OMC) is presented in Figure 7. The effects of sediments contents on compaction characteristics of the sand-sediment mixes have been quantified accordingly (Table 3) and given in Figure 8.



It can be observed from Figure 8 that the maximum dry density increases up to sediment contents (s) of 50% with a subsequent decrease in dry density with further increase in sediment contents. This is since initially the fine sediments fill the voids between the sand particles and increase the compatibility of the matrix. However, with fine sediments exceeding an optimum value (50%), the lighter particles of sediments start replacing the relatively heavier sand grains and hence the dry density decreases afterwards. Likewise, the optimum water content decreases till 25% sediment contents and starts increasing afterwards. The reason behind the increase in optimum water content is that larger quantities of water are required to hydrate the increased amount of fine sediment. A similar trend was observed when dune sand was treated with incinerator ash [23] and cement by-pass dust [36].




3.3. Unconfined Compression Strength


Unconfined compression strength (UCS) tests were performed as per ASTM standard [37] with an axial strain rate of 1 %/min. The size of sample was 10 cm—height and 5 cm-diameter. A-state-of-the-art automated triaxial compression testing machine was employed to assess the strength. In addition, effect of moisture content is also studied on the UCS of the DS-RS mixtures. To maintain a uniform moisture content inside the specimen, the specimens were confined by the rubber membrane. A large amount of the mixture was prepared for UCS tests at each sediment content to ensure the reproducibility of the test results. Hence, identical samples were tested, and the average value was obtained. The detailed effects of moisture content on unconfined compression strength of each dune sand-reservoir sediment mixture and their corresponding regression models have been presented in Figure 9. Each equation with different parameters outlines the effects of reservoir sediments content on moisture—UCS relationship. A regression model between sediment content and unconfined compressive strength is shown in Figure 10.





4. Discussion


Many researchers have developed correlations between OMC and the consistency limits of soil. Sridharan and Nagaraj [38] concluded that the OMC can more strongly be related to the plastic limit rather than liquid limit. According to their study, “a close examination of the plastic limit test procedure reveals that, when the water content is above the plastic limit, the rolled thread will not crumble, even on reaching 3 mm diameter. When the water content is less than the plastic limit, the soil thread will crumble at a diameter more than 3 mm. This suggests that there is an optimum water content at which the soil thread crumbles when the diameter is 3 mm”. As shown in Figure 11, the results of present study are in good agreement with the findings of Sridharan and Nagaraj [38]. Table 4 summarizes the regression models generated from the experimental data presented in this study.




5. Conclusions


The present study was conducted to investigate the possibility of improving the engineering properties of Al-Sharqia dune sand by the addition of fine reservoir sediments. As a domain of novel low carbon technologies and sustainable development, the environmental issues related to waste management of the dredged sediment and efficient resource utilization by reusing these sediments have been addressed. Samples of dune sand (classified as poorly graded sand) and sediments (classified as high plastic clay) collected from the Al-Sharqia desert and the reservoir of Wadi Jezzi dam in Oman were mixed to study their engineering properties. The sediments were added in percentages by weight of dry sand ranging from 5 to 95%. Laboratory tests such as consistency limits, void ratio, gradation analysis, compaction, and unconfined compression were performed on the binary mixtures as well on pure sand and sediment.



Based on the experimental results presented in this paper, the following conclusions are drawn:




	
The sediment substantially increases the unconfined compressive strength of the treated sand. The unconfined compressive strength increases with sediment content up to 75% and decreases afterwards. The binary mixture of sand sediment is sensitive to moisture, however the order of strength stability against moisture is DSS75 > DSS50 > DSS20.



	
The addition of sediment in sand has improved the maximum dry density up to a treatment ratio of 50%, however, OMC increases from 17% for pure sand to 22.5% for pure sediment. The OMC shows good correlation with the plastic limit of the binary mixtures of sand and sediment.



	
The addition of sediment to sand has improved the uniformity coefficient of the sand to some extent with an increase in the maximum and minimum void ratios as well.



	
The elemental analysis of the sediment confirmed the material as non-contaminated and suitable for engineering application without causing any environmental issues.



	
The regression models generated from the experimental data presented in this study are in good agreement with the published literature and these empirical correlations can be considered as reliable for dune sands treated with the reservoir sediments to save time and effort involved in laboratory and field testing for engineering characterization of these materials.
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Figure 1. (a) Location of Wadi Jezzi dam and Northern Wahiba Sands sampling sites, (b) example sampled reservoir sediments, and example photomicrograph of (c) dune sand (DS) and (d) reservoir sediments (RS). Note the different magnification between images (c,d). 






Figure 1. (a) Location of Wadi Jezzi dam and Northern Wahiba Sands sampling sites, (b) example sampled reservoir sediments, and example photomicrograph of (c) dune sand (DS) and (d) reservoir sediments (RS). Note the different magnification between images (c,d).



[image: Applsci 11 01620 g001]







[image: Applsci 11 01620 g002 550] 





Figure 2. Particle size distributions of dune sand (DS), reservoir sediment (RS), and the prepared mixes. 
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Figure 3. Regressions of sediment content and void ratios. 
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Figure 4. Comparison of void ratio range, Δe. 
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Figure 5. Regressions of fine contents and void ratios. 
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Figure 6. Relationship between Atterberg limits and sediment contents. 
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Figure 7. Moisture density relationships of the dune sand-sediment mixes. 
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Figure 8. Effects of sediment contents on the compaction characteristics. 
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Figure 9. Effect of moisture content on unconfined compressive strength of sand-sediment mixes. 






Figure 9. Effect of moisture content on unconfined compressive strength of sand-sediment mixes.



[image: Applsci 11 01620 g009]







[image: Applsci 11 01620 g010 550] 





Figure 10. Effect of sediment content on unconfined compressive strength of specimens. 
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Figure 11. Relationships of compaction characteristics with consistency limits of sand-sediment mixes (a) OMC versus consistency limits (b) MDD versus consistency limits. 
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Table 1. Elemental analysis of the tested material obtained from field emission scanning electron microscope with energy dispersive spectroscopy (EDS).






Table 1. Elemental analysis of the tested material obtained from field emission scanning electron microscope with energy dispersive spectroscopy (EDS).





	Element (%)
	Oxygen (O)
	Carbon (C)
	Silicon (Si)
	Magnesium (Mg)
	Calcium (Ca)
	Aluminium (Al)
	Iron (Fe)
	Potassium (K)





	Dune sand (DS)
	53.3
	16.2
	2,7
	1.2
	24.3
	1.2
	1.1
	-



	Reservoir sediment (RS)
	48.6
	21.9
	12.5
	8.9
	3.7
	2.4
	1.6
	0.5
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Table 2. Index properties of dune sand–reservoir sediment mixtures.
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Material

	
Specimen Designation

	
Sand Contents (%)

	
Sediment Content, s (%)

	
Fc (%)

	
Gs

	
USCS






	
Dune sand (DS)

	
DS

	
100

	
0

	
3.5

	
2.62

	
SP: poorly graded sand




	
Mixes (DS-RS)

	
DS-RS5

	
95

	
5

	
5.5

	
2.6

	
SP: poorly graded sand




	
DS-RS10

	
90

	
10

	
8.8

	
2.58

	
SP-SM: poorly graded sand to silty sand




	
DS-RS20

	
80

	
20

	
15.7

	
2.56

	
SC: clayey silt




	
DS-RS50

	
50

	
50

	
38.4

	
2.49

	
SC: clayey silt




	
DS-RS75

	
25

	
75

	
59.4

	
2.43

	
CL: low plasticity clay




	
DS-RS90

	
10

	
90

	
69.1

	
2.41

	
CL: low plasticity clay




	
DS-RS95

	
5

	
95

	
70.4

	
2.39

	
CH: high plasticity clay




	
Reservoir sediment (RS)

	
RS

	
0

	
100

	
74.1

	
2.38

	
CH: high plasticity clay
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Table 3. Maximum dry density (MDD) and optimum moisture content (OMC) for each mixture.
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	Specimen Designation
	DS
	DS-RS5
	DS-RS10
	DS-RS20
	DS-RS50
	DS-RS75
	DS-RS90
	DS-RS95
	RS





	MDD (kN/m3)
	16.54
	16.64
	17.78
	17.38
	17.78
	16.88
	15.35
	15.1
	14.99



	OMC (%)
	16.99
	11
	12
	12.5
	16.02
	16.43
	22.55
	23.15
	22.5
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Table 4. List of important regression models developed.






Table 4. List of important regression models developed.





	Properties
	Regression Models
	R2 Value





	Sediment content (s) and maximum (emax)/minimum (emin) void ratios
	emax = 0.7732e0.0096s

emin = 0.4279e0.0088s
	0.99

0.96



	Sediment content (s) and Atterberg limits (Liquid limit, wL and plastic limit, wP)

Sediment content (s) and Plasticity index (IP)
	wL = 0.302s + 21.98

wP = 0.172s + 8.99

IP = 0.13s + 11.99
	0.99

0.79

0.66



	Sediment content (s) and compaction characteristics (Maximum dry density, MDD and Optimum moisture content, OMC)
	MDD (kN/m3) = −0.0008s2 + 0.066s + 16.58

OMC(%) = 0.0991s + 12.116
	0.96

0.75



	Atterberg limits (wL and wP) and compaction characteristics (OMC and MDD)
	OMC (%) = 0.52(wL + 7.02)

OMC (%) = 0.87wP

MDD (kN/m3) = 0.2(126.6 − wL)

MDD (kN/m3) = 0.31(75.31 − wP)
	0.79

0.99

0.95

0.93



	Sediment content (s) and unconfined compressive strength (UCS)
	UCS = 13.63e0.0334s
	0.94
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