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Abstract

:

The construction industry uses a large amount of natural virgin material for different geotechnical structures. In Europe alone, 11 million tonnes of solid waste is generated per year as a result of the production of almost 100 million tonnes of paper. The objective of this research is to develop a new geotechnical composite from residues of the deinking paper industry and to present its practical application, e.g., as a backfill material behind a retaining structure. After different mixtures were tested in a laboratory, the technology was validated by building a pilot retaining wall structure in a landslide region near a railway line. It was confirmed that a composite with 30% deinking sludge and 70% deinking sludge ash had a high enough strength but experienced some deformations before failure. Special attention was paid to the impact of transport, which, due to the time lag between the mixing and installation of the composite, significantly reduced its strength. The pilot retaining wall structure promotes the use of recycled materials with a sustainable design, while adhering to government-mandated measures.
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1. Introduction


According to information published by the European Aggregate Association, the demand for European aggregates is 3 billion tonnes annually [1]. About half of natural (virgin) material is consumed by the construction industry, which also generates a large amount of waste material [2]. Undoubtedly, virgin material can partially be replaced by other materials, such as recycled industrial material, including material made from paper industry waste. This recycled waste can be substituted for virgin aggregates that are used in various applications in the building sector in huge quantities, especially for roads and earthworks [3]. Of course, the mechanical and environment criteria for recycled materials according to the national legislation must be satisfied.



Globally, 420 million tonnes of paper and paperboard are produced annually [4], and production is growing. The production processes result in significant waste generation; 11 million tonnes of solid waste are generated per year in Europe [5]. Approximately 70% of this waste is from paper recycling, for example, deinking sludge [6]. According to the Integrated Pollution Prevention and Control Directive 1996/61/CE [7], the paper industry is required to minimize the amount of waste and develop more sustainable technologies for waste treatment. There are also EU waste management legislative measures and policies [8] implementing a waste hierarchy, with landfilling being the least desirable option and recycling the most, supported by increased taxes for landfilling. Recycled paper residues are a potential material that could be substituted for virgin raw materials from a technical and economical point of view [9,10].



Examples of pulp and paper industry residue implementation have been presented by other authors [11,12,13,14], but in general, most paper industry waste is burned in power plant boilers or landfilled. The production process with different fillers, pigments, and coagulates influences the type of paper ash. Also, the technology and temperature in the boilers have an effect [15,16].



If paper sludge ash were to be used only as a binder in the construction industry, some problems due to the presence of lime would be observed, but it could be very useful for the stabilization of road structures or as a backfill material [17]. Different mixtures of paper ash and paper sludge have been tested on a laboratory scale. A mixture of sand, paper fly ash, paper sludge, and cement has been used in laboratory research [18]. The mixture reached a compressive strength of 0.8 MPa, which is high enough for use as a backfill material for a foundation structure, a structural fill, or a hydraulically bound layer in a road structure. If the paper sludge ash is mixed with recycled concrete aggregate (RCA), the mechanical properties are improved, especially the resistance to acid and sulfate attacks [19]. Highly plastic clay soil was stabilized with paper sludge ash [20,21,22] and the compressive strength increased enough (0.7, 1 MPa) for the mixture to be used without any other additives for a pozzolanic reaction. For mining backfill material, a mixture of paper sludge ash and sewage sludge ash [23] was prepared. Both materials were mixed and calcinated at high temperatures. In addition to paper sludge ash, paper sludge can be used. Paper sludge was used with marine-washed sand, aggregate, and Portland cement [24]. With this mixture, a compressive strength of 8 MPa was achieved. Remediation of contaminated soil by red mud was used with paper ash as a binder material [25].



Most of the research is related to laboratory tests, but some field results have also been published. A road subgrade was stabilized in a length of 250 m with a mixture of paper sludge and cement in Portugal [26]. The installed mixture achieved an unconfined compressive strength of 4.5 MPa. Paper fly ash was used for gravel road stabilization of a hydraulically bound layer [27] in Spain. The hydraulically bound layer reached an unconfined compressive strength of 5 MPa.



Paper sludge ash is also used in the cement industry as supplementary cementitious material in mortar [28,29], concrete manufacturing [30,31], and the brick industry [32].



When using ash as a building material, particular attention should be paid to the impact on the environment. Studies have demonstrated the wide applicability of ash, but it is necessary to carefully investigate the potential environmental impact and use technology that is appropriate for individual recycled materials [33,34].



Investors and designers find it difficult to decide to use recycled material in construction due to a lack of knowledge about the material, technology of installation, high cost of production, and often a negative attitude towards all new materials [1]. The objective of this research is to develop a new backfill material (composite) used behind retaining walls from the residue of paper industry production and promote the use of the recycled material with a pilot structure. Especially in mountainous regions, landslides represent a threat to roads and railways, which must be reduced by slope stabilization with different retaining walls. A new composite must have high enough unconfined compressive strength and shear properties, but at the same time has to allow elastic deformation before cracking. Until now, paper sludge ash and deinking sludge have been used in different mixtures, usually in mixtures with soil and other binders. At present, deinking sludge ash and deinking sludge are mixed together as a new composite in a precise ratio and compacted under strict conditions behind a retaining wall. This type of composite has not been tested in the laboratory so far, nor has its use been validated in field tests.



None of the studies to date have dealt with changing the strength characteristics of the material during mixing and installation. Here, the time of transport of the material from the place of mixing to installation is crucial. In the study, we found that, over time, the strength properties decrease significantly, which may be crucial for the stability of the retaining wall. The study notes that the materials in the laboratory must also be tested in terms of installation time in order to provide the designer with relevant data regarding the geomechanical characteristics of the composite.



The pilot retaining wall structure promotes the concept of a circular economy from idea to laboratory tests, installing the structure, and monitoring it over a long period of time. The new composite and the technology were tested at a construction site and then monitored over a longer period of time. This gives us information about the details of construction and proves that the structure is stable, usable, and meets all the technical and environmental standards available to investors, designers, and contractors. Pilot structures could help suppliers, investors, designers, and contractors identify the factors hampering the use of recycled materials in the construction sector as well as provide strategies that can be adopted to form an economical and sustainable product.




2. Materials and Methods


2.1. Material Used


Deinking sludge ash (DSA) and deinking sludge (DS), used in this study as raw materials, represent the main waste from recycled deinking paper pulp production at a paper industry company, VIPAP Videm Krško d.d., in Slovenia. The DSA is a combustion residue formed in a steam boiler during the incineration of DS. It consists of a mixture of bottom ash (approx. 90 wt%) and fly ash (approx. 10 wt%). VIPAP recycles around 600 tonnes of paper daily. Annually, 25,000 tonnes of DSA and 67,000 tonnes of DS are produced. According to the European Waste Catalogue (EWC), DSA is classified as 10 01 01, while DS is classified as 03 03 05 [35].




2.2. Methods


2.2.1. Testing of Raw Materials


The bulk chemical composition of the DSA and DS was determined by a Wavelength Dispersive X-ray Fluorescence (WD XRF), using a Thermo Scientific ARL PERFORM’X Spectrometer (Waltham, MA, USA). Analysis of loss on ignition (LOI) and the total chloride content of DSA was performed according to SIST EN 196-2 [36]. The physical and mechanical properties of the raw materials were tested according to the standards in Table 1.



Particle size distribution of DSA was measured by laser diffraction analysis (particles < 400 μm) using a CILAS 920 Particle Size Analyser (Cilas, Orléans, France).




2.2.2. Preliminary Laboratory Tests of Composite


In order to design a backfill material for a retaining wall structure for the stabilization of a landslide near a railway line, several mixtures consisting of different ratios of DSA and DS were tested. Among them, two mixtures (Table 2) with sufficiently good geomechanical characteristics and suitable properties for compaction and installation were tested in detail.



Geomechanical tests were performed in an accredited geomechanical laboratory, according to SIST EN ISO/IEC 17025 [37].



The components were mixed in a 20 L planetary mixer. Two kilograms were mixed for 2 min until a homogeneous mixture was obtained. Mixtures were compacted at the maximum dry density according to the SIST EN 13286-2 [38]. In order to prevent evaporation, the composites were stored and cured in a climatic chamber at 90% RH and 22 °C.



Compressive strength was tested according to SIST EN 13286-41 [39] immediately after compaction and after one, four, seven, 28, and 50 days of curing.



Freezing/thawing tests were performed according to Slovenian technical specification TSC 06.320 [40]. According to the specification, the composites were exposed to 12 cycles of freezing at −23 °C and thawing at 20 °C in a climate chamber.



The shear characteristics of the composites were tested according to the SIST EN ISO 17892-10 [41] directly after compaction and after seven days of curing. The permeability of the composite was tested in a triaxial cell, according to SIST EN ISO 17892:11 [42] under a pressure of 50 kPa.



In order to investigate the impact of the transport time to the construction site, the time delay between mixing and compacting was taken into account. The tests were performed with two different testing procedures:




	-

	
The material was moistened to the maximum water content (wmax) and cured in the open air,




	-

	
The material was moistened to the optimal water content (wopt) and cured in closed boxes.









After moistening and mixing, the mixtures were compacted in the following time intervals: immediately, and after 4, 8, and 24 h. After seven days, an unconfined compressive strength test was performed on each specimen.




2.2.3. Test of Pilot Structure


In the region between Ljubljana and Novo Mesto, there is a landslide risk that endangers the safety of a railway line. The instability of the slope was already evident from the geological and geomechanical mapping of the site [43]. Subsequently, after carrying out a detailed geomechanical investigation of the railway zone, the final pilot structure location was selected in the exact location shown in Figure 1.



Construction work started in August 2018. The length of the structure was 50 m, with a height of 1.5 m. The retaining wall was made of gabions and backfill material with composite. The width of the backfill material between the gabions and landslide slope was between 2 and 3.5 m.



The mixture was prepared at the VIPAP facility from DPA and DS and transported to the construction site, located 70 km from VIPAP’s facility. Mixing was performed by a stirrer (TERREX, Norwalk, CA, USA) for at least 15 min. The composite was transported to the construction site and subsequently compacted to the required density (Figure 2) in a 30 cm thick layer by a compactor (BOMAG, Boppard, Germany). For the whole structure, 100 t of the mixture was compacted into nine layers (Figure 3).



Special attention was paid to the drainage system since the composite is impermeable. A drainage system was installed under the backfill and at the contact point between the backfill and the landslide slope.



Each compacted layer was tested at the construction site for dry density and moisture content (γd, w) according to TSC 06.711 [44] by a nuclear soil moisture density gauge (TROXLER, Ettenheim, Germany) and for dynamic deformation (Evd) modules according to TSC 06.720 [45] (2003), by a dynamic plate (ZORN, Stendal, Germany). In order to perform the leaching procedure, according to SIST EN 1744-3 [46], samples were collected from the last layer. The leachates were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) and UV-Vis spectrophotometry. Samples were also taken to verify the shear characteristics of the composite according to the standard SIST EN ISO 17892-10 [41].




2.2.4. Long-Term Monitoring


For long-term monitoring, an automatic station was placed at the construction site (Figure 4). It collects measurements from the weather station, inclinometers, piezometers from boreholes, and moisture and temperature probes installed in the backfill material behind the retaining wall made from gabions.



A soil moisture probe (Imko, Ettlingen, Germany) was installed 90 cm below the surface, and temperature sensors were installed 30, 60, and 90 cm below the surface of the composite.



For environmental monitoring, a water tank was built at the end of the retaining wall. The water flowing from the drainage system between the gabions and the composite (backfill material) was collected in a plastic tank and taken for chemical analyses.



The displacements that can occur above the retaining wall structure were monitored with a manual inclinometer (Interfels, Ulm, Germany), while those of the entire structure (specifically those of the gabions and the foundation) were monitored by a laser scanner (Leica, Aarau, Switzerland).






3. Results and Discussion


Preliminary investigations of two types of composites were performed in the laboratory, and the composite with the most suitable properties was selected for implementation.



3.1. Raw Material


Chemical analyses showed that the major oxide of DSA (Table 3) was CaO, accounting for almost 50 wt%. More than a quarter of DSA mass was lost after the LOI treatment. The most abundant oxides of DS were CaO (accounted for almost one-third) and the measured LOI was more than 50 wt%. High values of LOI were due to high fibre or other organic compounds. Elements such as Si, Al, and Mg were in concentrations below 0.25 wt%. Higher CaO content in DSA and DS was due to the use of fillers and coatings in the deinking process of the production of new paper from used paper. Also, higher CaO led to the higher pozzolanic reactivity of the composite made from DSA and DS.



The physical and mechanical properties of DSA and DS are presented in Table 4. DSA is a dry material, while the water content of DS ranges between 45% and 50%. In comparison with DS, the specific gravity of DSA was higher by about 20%. A standard Proctor test (SPP) showed that the optimal water content (wopt) and maximal dry density (γd,max) were higher for DS. The unconfined compressive strength of DSA is between 300 and 500 kPa, which is in the range of very stiff soil according to the criteria for virgin materials. DS is a softer material in the range of stiff soil. Both materials were nonplastic.




3.2. Results of Preliminary Laboratory Tests


3.2.1. Unconfined Compressive Strength—qu


The unconfined compressive strength decreased (Figure 5) with a higher quantity of DS in the composites and increased with curing time. The tests performed immediately after compaction showed relatively similar values of qu (0.2–0.3 MPa), independent of the composition. After one day of curing, composites with higher percentages of DSA showed higher qu values, accounting for the more intense hydration process in those composites.



The results of the vertical deformation at the sample failure during the uniaxial compressive test are shown in Figure 6. With an increasing content of DS in the composite, the vertical deformations increased. This is reflected in the rapid breaking and very small elastic deformations, i.e., the brittle deformation behavior of the D80/20. By contrast, ductile behavior was observed in the D70/30.



The curing time has a strong influence on the vertical deformation (εA) at failure. While this is not as obvious with D80/20, in the case of D70/30, the εA at failure increased rapidly in one day and then decreased over time. After 28 days, the εA was almost the same for both composites. This points to the fact that the failure mode of mixtures changes from ductile to brittle between the first and fourth days of curing.



Even after a retaining wall is built, some deformations can still occur in the structure because of the stabilization processes in the landslide mass, especially in the early days of construction. Because of this, it is desirable for a backfill material to possess higher elasticity and, at the same time, have enough strength to prevent landslides.




3.2.2. Time Effect


The results of the investigation of the impact of the delay between mixing and compacting (Figure 7) showed that qu decreased with the increased time between them. The highest values of qu were seen in samples prepared at the wopt (Figure 8) and compacted immediately after mixing. For samples compacted 4 h after mixing, higher qu values were measured for composites prepared at the wmax. The hydration process dried the mixtures and after 4 h resulted in a lower qu for mixtures with lower water content. After 24 h, no difference could be observed in qu. Based on the results, it can be concluded that the mixture compacted immediately must be moistened to the wopt. For a mixture that will be compacted after 4 h due to transport, it is more appropriate to moisten it to the wmax.



The results of these tests are essential to determine the methods of mixing, transport, and installation of the mixture on the construction site and to assess the maximum distance between the composite production site and the composite construction site. The results from the laboratory and field tests showed that the mixture has to be moistened above the wopt before transport. It is a very important requirement for the installation procedure. If the mixture at the construction site does not have a high enough water content, it will not be properly compacted, and the strength of the installed layer will be lower than it has to be, according to the legislation. Three to five percent of the water is consumed during the hydration process of DSA.




3.2.3. Standard Proctor Tests (SPP)


The results of the SPP showed that the optimal water content (wopt) increases slightly with a higher percent of DSA in composites (Figure 8). A higher percentage of DSA required more water for the hydration process in the composite. A similar trend was observed for maximal dry density as it increased from 0.96 Mg/m3 in D70/30 to 0.99 Mg/m3 in D80/20.



The main difference between the investigated composites and the natural gravel material is the density. The γd,max for a natural gravel material is 2.3 Mg/m3 on average, while the investigated composites show a much lower γd,max. This physical characteristic enables the use of the investigated composites in low-bearing-capacity foundation soils. Such a backfill material is light and does not cause large settlement, as does the heavy virgin gravel material. This is one of the important advantages of using the investigated composites as a backfill material for geotechnical structures in regions with difficult geotechnical conditions.




3.2.4. Frost Resistance


According to the Slovenian National Technical Specifications for roads, TSC 06.320 [40] on freeze/thaw resistance, the freeze ratio has to be more than 0.7 (the ratio between the unconfined compressive strength of exposed samples and curing samples at atmosphere-controlled conditions).



Both composites are above the limit value of 0.7. Based on these results, it can be concluded that this material could be used as a backfill material even in the top meter below the surface. That is the depth of freezing at the pilot structure’s location.




3.2.5. Shear Properties


The results of a friction angle (f) and cohesion (c) analysis showed that shear characteristics increase with the decrease in DS content of composites, but after 28 days, the differences were not so obvious (Figure 9). The shear characteristics are higher in comparison with the natural gravel backfill material conventionally used for retaining wall structures. The friction angle for gravel is around 30° with no cohesion. The high shear properties of the composite allow for the construction of a thinner retaining wall than would be needed if virgin gravel material was used. These characteristics are very important, especially for retaining structures near railway lines, where there is generally not enough space for large geotechnical structures.




3.2.6. Composite Used for Backfill Material


Based on the results of the laboratory tests, the composite D70/30 was chosen for use as a backfill material behind the retaining wall structure. The composite has a high enough qu even when compacted 4 h after mixing, and at the same time allows small deformations before cracking. It is ductile enough to sustain small deformations behind the retaining wall in case of landslides. The composite has high enough freeze/thaw resistance to withstand extreme weather conditions. Shear properties are higher in comparison with virgin material (gravel). Because of these properties, the retaining wall structure can be lower and cheaper. Instead of 2 m, the gabion structure that was built had to be only 1.5 m high.





3.3. Results from the Pilot Structure


3.3.1. Field Tests


According to the technical specification TSC 06.711 [44], the average compaction of the last layer has to be at least 95% γd,max. The results of the compaction tests of the installed composite D70/30 showed that only the first three layers were compacted below 95% γd,max (Figure 10). The reason for the lower compactness in the first layers is the uncompacted drainage layer under the composite. In all other layers, a higher compaction degree was measured. Measurements confirmed that the quality of the installed composite was within the requirements of the technical specifications.




3.3.2. Laboratory Tests of Samples from the Pilot Retaining Wall


Shear tests of the samples taken from the composite at the construction site reach high enough shear properties. The results are similar to the results from the preliminary laboratory investigation; even cohesion increases significantly after 28 days. In the design project [43] for the stability analysis, the design parameters were lower, especially for cohesion, which means that the safety factor of the structure was higher. Shear characteristic values obtained from the in-built composite are gathered in Table 5.



The new composite had significantly higher shear characteristics compared to a natural gravel backfill material. The shear properties of the composite are similar to the shear properties of soft rock. If virgin gravel material is used as the backfill, a larger retaining wall structure should be designed to prevent landslide movement, as was confirmed in the project design [43].



A leaching test of the samples taken from the structure showed (Table 6) that none of the components in the water exceeded the limits established by Slovenian legislation (UL RS, No. 10/14, 22 February 2014). The installed mixture does not have an adverse environmental impact because it is impermeable, and water from the composite does not leach hazardous substances. For the composite, very low permeability (only 2.2 × 10−10 under the load of 50 kPa) was measured in the laboratory.





3.4. Results of the Long-Term Monitoring


3.4.1. Stability of the Landslide


To ensure the safety of passengers and cargo, the landslide was stabilized with a retaining wall structure (Figure 11). Deformations of the slope above the railway line were measured with an inclinometer. The measurements did not indicate any displacements because the retaining wall successfully stopped the landslide (Figure 12).



For the retaining wall structure, measurements were taken by a laser scanner. The measurements showed that the foundation of the retaining wall was stable. Both the measurements of the retaining wall and the measurements of the landslide deformations showed that the landslide was successfully stabilized.



The composite used has to be sustainable and resistant to weather changes. The results of the temperature measurements showed that the weather does not influence the temperature of the composite significantly (Figure 13). Some correlation with the outside temperature (T) can be observed in the sensor that is 30 cm below the surface (T1), while the temperatures at 60 cm (T2) and 90 cm (T3) below the surface remained more or less stable despite the fluctuation of the outside temperature.



The water content of the composite at the time of compaction was 57% and is currently around 47%. Comparison with the precipitation showed that the composite is impermeable because there was no correlation between the water content and precipitation (Figure 14). The temperature and water content sensors showed that the weather does not have an influence on the composite quality.




3.4.2. Environmental Monitoring


Samples were taken from the water tank and tested in an accredited chemical laboratory. The results show that the composite did not have a negative influence on the water quality since the concentration of none of the tested parameters exceeded the limits set by Slovenian legislation UR RS No. 98/15 (Table 7).






4. Conclusions


A new composite from paper residues was developed as a backfill material for retaining wall structures. Preliminary tests were performed in an accredited geomechanical laboratory, and the results were later verified with field and laboratory measurements on a pilot structure.



A composite has to have geomechanical properties that are high enough to be used as a backfill material behind a retaining wall structure in an unstable area near a railway line threatened by landslides. Several mixtures with different contents of DS and DSA were initially tested to choose the optimal composite with the proper geomechanical properties. Two of them were studied in detail within the present research to estimate the effect of their composition upon particular basic characteristics.



No studies to date have dealt with the changing strength characteristics of material during mixing and installation. The time of transport is an important parameter for using this mixture as a backfill material. Results from the laboratory showed that the mixture has to be moistened above the wopt before being transported and used at the construction site within 4 h.



Based on the laboratory results, it was decided to use composite D70/30 as the backfill material for the retaining wall. The composite is a new mixture that has not yet been tested in a laboratory or installed in the retaining wall structure at the construction site. The composite with 30% DS had a high enough qu and shear strength but allowed small deformations before failure. The high shear characteristics of the composite allowed for a slimmer retaining structure to support the unstable slope behind it. At the same time, the DS in the composite enabled ductile behavior of the structure and prevented it from brittle failure.



In 2018, the composite D70/30 was used as a backfill material of the retaining wall structure built by gabions in the south part of Slovenia, near the railway line, for landslide stabilization. All laboratory and field tests confirmed the physical characteristics measured in the research phase and confirmed that the environmental requirements are being reached.



At the construction site, the material was installed in 30 cm layers. Each layer was compacted and controlled to reach the optimal moisture and maximum density. Before, during, and after the construction, landslide stability was assessed, and environmental monitoring was performed. With the test results from the pilot structure presented in this paper, the technology of mixing and compacting was improved. Mixing is usually not a problem in the laboratory, but at a construction site, a large quantity of material has to be mixed with the proper technology. The monitoring system confirmed that the retaining wall with the composite stabilizes the landslide near the railway. The composite was an impermeable material, and precipitation did not influence its stability. As the area covered with such an impermeable layer was not very wide, the impact on the groundwater recharge was limited. However, one should consider such a structure as a groundwater barrier that disturbs shallow groundwater flows. Thus, the use of this kind of structure should be combined with a properly designed drainage system, which minimizes the effect of groundwater disturbance. In the case of the retaining structure presented within this paper, vertical and horizontal drainage were employed to enable effective drainage of water behind the retaining structure.



On the other hand, the low density of the composite from paper residues also has several advantages. There is great potential for its use in construction on soft ground. In such a case, the utilization of very light materials, like the new composite, could prevent large settlement.



The pilot retaining wall structure represents a practical case for future investors, designers, and construction companies to encourage them to use recycled materials from the paper industry instead of virgin materials. The new composite and its installation technology were successfully tested. The presented circular case between the paper industry and the construction sector shows the advantages for both sides. Instead of disposing of the waste in a landfill for a very high price (in Slovenia, 80–150 €/tonne), the paper manufacturer processes the waste into a composite for a retaining wall structure. Contractors, meanwhile, get a composite that is cheap and has better deformation properties than the virgin material.




5. Patents


The Slovenian Technical Approval STS—1870011 was granted for this product.
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Figure 1. Location of the pilot structure. 
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Figure 2. Compacted layer of the composite. 






Figure 2. Compacted layer of the composite.



[image: Sustainability 13 00979 g002]







[image: Sustainability 13 00979 g003 550] 





Figure 3. Compacting the last layer of the composite. 
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Figure 4. Monitoring system. 
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Figure 5. Uniaxial compressive tests results. 
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Figure 6. Deformations after uniaxial compressive tests. 
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Figure 7. Unconfined compressive strength of samples with delay in compaction time. wopt: optimal water content; wmax: maximal water content. 
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Figure 8. Results of standard proctor tests (SPP) for the investigated composites. 
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Figure 9. Angles of friction and cohesion for the mixtures. 
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Figure 10. Results of the measurements with the neutron probe. 
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Figure 11. Retaining wall with gabions and the composite as the backfill material. 
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Figure 12. Horizontal displacements in borehole above the retaining wall. 
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Figure 13. The temperature outside and in the backfill composite in the retaining wall structure (26 March 2019–10 May 2019). 
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Figure 14. Water content in backfill material in the retaining structure vs. precipitation (26 March 2019–10 May 2019). 
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Table 1. Physical and mechanical properties of raw materials.
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	Property
	STANDARD





	Initial Moisture Content (w) (%)
	SIST EN ISO 17892-1:2015



	Specific Gravity (γs) (Mg/m3)
	SIST EN ISO 17892-3:2016



	Optimum Water Content (wopt) (%)
	SIST EN 13286-2:2010/AC:2013



	Maximum Dry Density (γd,max) (Mg/m3)
	SIST EN 13286-2:2010/AC:2013



	Unconfined composite strength after compaction (qu) (MPa)
	SIST EN 13286-41:2004



	Liquid Limit (LL) (%)
	SIST-TS CEN ISO/TS 17892-12:2004



	Plastic Limit (PL) (%)
	SIST-TS CEN ISO/TS 17892-12:2004



	Particle Size Distribution
	



	Particle (>2.5 mm) (%)
	SIST EN 933-1:2012



	Particle (0.063–2.5 mm) (%)
	SIST EN 933-1:2012



	Particle (0.002–0.063 mm) (%)
	SIST EN ISO 17892-4:2017



	Particle (<0.002 mm) (%)
	SIST EN ISO 17892-4:2017










[image: Table] 





Table 2. Mixing proportions of the investigated mixture composites and their designations.
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Designation of the Composites

	
Mixing Ratios (% Dry Mass)




	
DSA

	
DS






	
D80/20

	
80

	
20




	
D70/30

	
70

	
30








DSA: deinking sludge ash; DS: deinking sludge.
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Table 3. Chemical composition of raw materials.
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Raw

Material

	
Parameter (wt%)




	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
P2O5

	
MgO

	
K2O

	
Na2O

	
TiO2

	
SO3

	
LOI

	
Total






	
DSA

	
11.37

	
8.26

	
0.39

	
47.94

	
0.17

	
1.70

	
0.27

	
0.17

	
0.18

	
0.31

	
27.26

	
98.02




	
DS

	
7.27

	
5.56

	
0.24

	
31.78

	
0.06

	
1.03

	
0.16

	
0.14

	
0.11

	
0.06

	
53.41

	
99.82








LOI: loss on ignition.
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Table 4. Physical and mechanical properties of raw materials.
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	Property
	DSA
	DS





	Initial Moisture Content (w) (%)
	0
	45–50



	Specific Gravity (γs) (Mg/m3)
	2.64
	2.15



	Optimum Water Content (wopt) (%)
	51
	56.5



	Maximum Dry density (γd,max) (Mg/m3)
	0.99
	0.89



	Unconfined compressive strength after compaction (qu) (MPa)
	0.3–0.5
	0.22



	Liquid Limit (LL) (%)
	
	



	Plastic Limit (PL) (%)
	Nonplastic
	Nonplastic



	Particle Size Distribution
	
	



	Particle (>2.5 mm) (%)
	0
	-



	Particle (0.063–2.5 mm) (%)
	13.3
	-



	Particle (0.002–0.063 mm) (%)
	75.59
	-



	Particle (<0.002 mm) (%)
	11.11
	-



	D10 (mm)
	0.002
	-



	D50 (mm)
	0.02–0.06
	-



	D90 (mm)
	0.4–0.8
	-
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Table 5. Shear properties of the compacted composite.
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Shear

Properties

	
Laboratory Results

	
Demo Field

	
Design Parameter




	
Immediately

	
After Seven Days

	
Immediately

	
After Seven Days

	
After 28 Days






	
F (°)

	
44

	
45

	
37

	
40

	
45

	
40




	
c (kPa)

	
12

	
42

	
35

	
45

	
200

	
40
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Table 6. Results from the leaching tests.
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Component

	
Limit

	
Sample One after Two Days

	
Sample Two after 28 Days




	
(mg/L)






	
As

	
0.5

	
0.003

	
0.0033




	
Ba

	
20

	
16.04

	
8.82




	
Cd

	
0.04

	
<0.002

	
<0.002




	
Cr total

	
0.5

	
0.033

	
<0.002




	
Cu

	
2

	
1.866

	
0.61




	
Hg

	
0.01

	
0.005

	
<0.001




	
Mo

	
0.5

	
0.092

	
0.097




	
Ni

	
0.4

	
0.021

	
0.0064




	
Pb

	
0.5

	
0.005

	
<0.005




	
Sb

	
0.06

	
<0.001

	
<0.001




	
Se

	
0.1

	
0.003

	
<0.003




	
Zn

	
4

	
0.035

	
<0.005




	
Chlorides

	
800

	
29.1

	
13.5




	
Fluorides

	
10

	
4.01

	
3.6




	
Sulfates

	
1000

	
<10

	
<10
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Table 7. Results of the chemical analysis of the water from the drainage system.
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Component

	
Limit

	
Water Sample

April 2019

	
Water Sample

May 2019

	
Water Sample

October 2019




	
(mg/L)






	
As

	
0.1

	
0.0019

	
0.0006

	
0.0017




	
Ba

	
5

	
0.0080

	
0.0073

	
0.122




	
Cd

	
0.025

	
<0.0002

	
<0.0002

	
<0.0002




	
Cr total

	
0.5

	
0.0031

	
0.0010

	
0.011




	
Cu

	
0.5

	
0.042

	
0.011

	
0.013




	
Hg

	
0.005

	
<0.0001

	
<0.0001

	
<0.0001




	
Mo

	
1

	
0.018

	
0.0024

	
0.0028




	
Ni

	
0.5

	
0.0011

	
0.0015

	
0.0024




	
Pb

	
0.5

	
0.0005

	
0.0006

	
<0.0005




	
Sb

	
0.3

	
0.0039

	
0.0011

	
0.0017




	
Se

	
0.6

	
0.0005

	
<0.0003

	
0.0003




	
Zn

	
2

	
<0.0005

	
0.0016

	
0.0005




	
Chlorides

	
800

	
5.17

	
1.52

	
2.19




	
Fluorides

	
10

	
0.264

	
<0.10

	
0.204




	
Sulfates

	
1000

	
19

	
2

	
14
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